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Abstract
In theory many of the physiological effects of electrical stimulation should 
be repeatable with magnetic stimulation. The aim of this study was to 
investigate some of the potentially clinically relevant actions of high power 
magnetic stimulation on the mammalian peripheral nervous system.
This investigation can be separated into 3 parts. Firstly, experiments 
examining the ability of ‘wide pulse’ electrical stimulation to produce 
complete reversible block of peripheral nerve were undertaken at both the 
compound and single unit level. The findings were used to estimate the 
magnitude of an impulse magnetic field required to produce ‘magnetic 
nerve block’. Secondly, the design and construction of two prototype high 
power magnetic stimulators (HPMS) and their associated filed coils was 
carried out. Theoretical predictions and practical measurements of the 
output of each stimulator were undertaken. Thirdly physiological 
experiments with the HPMS’s were performed, examining magnetic 
stimulation of unmyelinated nerve fibres in the upper renal tract. The aim 
of stimulating the kidney was to generate ureteric peristalsis, which may 
have a role in aiding stone excretion, especially post lithotripsy.
For the electrical nerve block study the saphenous nerve in anaesthetized 
rats and rabbits was exposed. Either the whole nerve or fine filaments 
dissected from the cut proximal end of the nerve were studied. A-ap, A- 5 
and C fibres were stimulated and blocked by wide electrical pulses with
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an exponential decay. The strength duration relationship of this response 
was studied and block was confirmed by failure of conduction of a 
proximally generated action potential to pass through the blocked region.
Two HPMS’s were designed and constructed in conjunction with Digitimer 
Ltd. and the department of Electrical and Electronic Engineering at 
Loughborough University. The first prototype was rated at 4.3 KJ and the 
second at 96KJ. Early on in structural testing it was found that 
conventional coil design was insufficient to allow repetitive shots, 
particularly with the 96KJ device. Redesign of the coil housing allowed 
multiple stimuli without failure.
Finally physiological experiments with the prototype HPMS’s 
demonstrated stimulation of C-fibres in the upper renal tract in a pig 
model. Magnetic stimulation of the kidney was able to generate ureteric 
peristalsis in the in-situ and exteriorized kidney preparations studied.
Local anaesthetic applied topically to the renal pelvis and calyces blocked 
this response indicating that magnetic stimulation of ureteric peristalsis is 
a neurally mediated phenomenon.
This thesis demonstrates that high power magnetic stimulation is 
technically feasible from both an engineering and physiological 
perspective. It can activate all classes of nerve fibre allowing the 
extracorporeal stimulation of internal organs.
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Chapter 1: Introduction
1.1 Hypothesis and Aims of the Work
Magnetic stimulation of the nervous system has become a common tool 
in both research and clinical settings in the last 15 years. However the 
physiological effects are limited to activation of large myelinated nerve 
fibres and the motor cortex. This is due to the output characteristics of 
commercially available devices, which have been designed to provide 
short duration pulses of low amplitude. This has been shown to be 
optimum for activating A alpha/beta fibres (Barker et a/., 1990;Barker et 
a!., 1991). Restricting the duration and amplitude of the pulse has limited 
the potential physiological applications of this technology.
The hypothesis of this thesis is that magnetic stimulation of all classes of 
nerve fibre can be achieved provided the induced electrical pulse is of 
sufficient duration and amplitude.
The aims of this study were to investigate some of the potential clinical 
applications of high power magnetic stimulation, namely magnetic nerve 
block and magnetic stimulation of the upper renal tract. The plan of 
investigation was to explore these applications with 2 prototype high 
power magnetic stimulators, which should be able to stimulate all classes 
of nerve fibre.
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1.2 Background to the study: Magnetic Stimulation
The following sections provide an overview of conventional magnetic 
stimulation before reviewing some of the potential applications of high 
power magnetic stimulation and the neurophysiological evidence 
underlying them. There are several authoritative reviews of conventional 
magnetic stimulation (Weber & Eisen, 2002), (Jalinous, 1991),(Evans,
1991), (Barker, 1999) for the interested reader. The fundamental 
principles underlying conventional and high power magnetic stimulation 
are similar.
1.2.1 History
In 1831 Michael Faraday discovered “mutual induction”. This is the 
process whereby current flows in a secondary circuit when it is bought 
near to a primary current circuit (Faraday, 1839). In the case of magnetic 
stimulation the nerve is the secondary circuit and the magnetic stimulator 
coil the primary circuit.
D’Arsonval was the first to demonstrate the effects of induced current in 
the body (d'Arsonval, 1896). Volunteers saw flickers of light when their 
heads were placed in a time varying magnetic field, so called 
magnetophosphenes. It is now well known that the retina is the most 
sensitive structure in the body to stimulation by induced currents and this 
has been quantified (Lovsund etal., 1980).
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Over the next 60 years little work was carried out on the effects of time 
varying magnetic fields on the body. In 1965 muscular contraction 
following “magnetic stimulation” was reported using an oscillatory 
magnetic field that lasted 40ms (Bickford R.G. & Fremming B.D., 1965). 
This made it impossible to record action potentials from nerve or muscle, 
and the work was not pursued further. However in 1982 peripheral nerves 
were stimulated by electromagnetically induced current (Poison et a/., 
1982). This study used a 2ms pulse and for the first time motor evoked 
potentials (MEPs) from the median nerve were recorded. In 1985 human 
brain stimulation resulting in painless muscle contraction in both hands 
was reported (Barker et al., 1985). It was this result that lead to the 
commercial development of magnetic stimulators.
Since then magnetic stimulation has become an established technique in 
clinical and basic science research. It has been used for the stimulation of 
central motor conduction times and of deep peripheral nerves (Barker et 
al., 1987), the investigation of cortical excitability, inhibition and plasticity 
(Cooke and Bliss 2006) and more recently has been applied to the 
treatment of depression (Fregni and Pascual-Leone 2005) and neuro­
rehabilitation following strokes (Hummel and Cohen 2006).
1.2.2 Principles
The fundamental principle underlying magnetic stimulation is that a 
rapidly changing high intensity magnetic field induces currents in
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electrically conductive parts of the body. If these induced currents are of 
sufficient duration and amplitude neuromuscular tissue can be stimulated 
in the same way as with conventional electrical stimulation, although the 
coil generating the magnetic field does not have to be in contact with the 
body. The following sections provide an outline of the characteristics of 
commercially available devices.
1.2.2.1 Design
Magnetic stimulator technology has changed little since the first 
commercial devices became available over 15 years ago. Essentially 
electrostatic energy stored in a capacitor bank is discharged into a coil, 
via control circuitry, to produce a rapidly changing magnetic field of high 
intensity. The electric field produced by the rapidly changing magnetic 
field can result in the movement of electric charges within biological 
structures and ultimately tissue stimulation.
The electrical principles of magnetic stimulator design and function have 
been described by Jalinous (Jalinous, 1991;Jalinous, 2002). Although 
more recently devices capable of producing multiple pulses with iron 
cores have been described, the fundamental principle of electrostatic 
storage and discharge through a coil remain the same. The main 
difference between various magnetic stimulators is the shape of the 
induced electric field, i.e. its amplitude, duration and amount of damping. 
This will be discussed further in the section 1.2.2.4.
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1.2.2.2 Available devices
Magnetic stimulators first became commercially available in the late 
1980’s. This followed the demonstration of stimulation of the motor cortex 
by Barker and colleagues in Sheffield (Barker et a/., 1985). Since then 
several companies have produced magnetic stimulators:
1) Cadwell Laboratories Inc. 909 North Kellogg St., Kennewick, WA 
99336, USA
2) Digitimer Ltd. 37 Hydeway, Welwyn Garden City, Herts, England
3) Medtronic Dantec NeuroMuscular, Tonsbakken 16-18, DK-2740 
Skovlunde, Denmark
4) Neotonus Inc., Marietta, Georgia USA
5) Nihon Kohden, Japan
6) Schwarzer GmbH Barmannstr. 38, 81245 Munchen, Germany
7) The Magstim Company Ltd. Spring Gardens, Carmarthenshire SA34 
OHR Wales, UK
Two main types of stimulator have been produced; single pulse and multi­
pulse devices that can provide trains of stimuli at up to 60 Hz.
1.2.2.3 Coil Geometry and Design
There are 3 common coil configurations used in magnetic stimulation; 
round, figure-of-8 and angled figure-of-8. These have changed little in the 
last 15 years. The advantage of the figure-of-8 coil is that it produces a
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more concentrated electric field than the circular coil and hence better 
focal stimulation (Jalinous, 1991;Ueno et al., 1988). Various other coil 
configurations have been proposed. These include 4-leaf (Roth et al., 
1994) torroidal (Carbunaru & Durand, 2001) ‘slinky’ (Ren etal., 1995) and 
‘chain mail’ styles (Ruohonen & llmoniemi, 1998). Although each of these 
novel coil systems has it own theoretical advantage, they have not 
currently been adopted into widespread use, as they appear to make little 
practical difference in the clinical magnetic stimulation setting.
An interesting feature of the 4-leaf coil configuration is its ability to induce 
a central region of depolarisation with hyperpolarized regions on either 
side of this (Roth et al., 1994). This raises the possibility of producing 
magnetic nerve block, similar to that seen with a tripolar electrode 
arrangement (Accornero et al., 1977). This will be discussed further in 
section 1.4.1.
The effect of making an acute angle between the two circular coils in a 
figure-of-8 arrangement has also been studied (Esselle & Stuchly, 1995). 
This showed that an increase in the peak electric field of 22% was 
possible by just tilting the two sections of the figure-of-8 from 180 deg to 
140 deg. This was attributed to a decrease in the surface charge induced 
on the bodies’ surface, as a larger proportion of the magnetic flux was 
perpendicular to this surface. It is known that surface charge decreases 
the induced electric field (Roth etal., 1990).
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Structural design of coils in commercially available magnetic stimulators 
has remained simple. Essentially enamelled ribbon copper wire is wound 
to the desired diameter/inductance, the coil is then either covered with 
layers of tape and/or embedded in a potting compound and placed in a 
housing (personal communication Digitimer limited).
1.2.2.4 Output parameters
Although different magnetic stimulators are constructed broadly along 
similar principles, the output from them can differ considerably (Claus, 
1991;Jalinous, 2002). Therefore the physiological effects of magnetic 
stimulators have to be related to pulse induced in the tissue rather than 
the stimulator. The induced electric field and hence resultant current flow 
is proportional to the rate of change of magnetic field (Barker, 1991). By 
controlling the rise time to peak magnetic field and the decay back to zero 
the shape of the induced pulse can be changed. The former is 
approximately proportional to the square root of the product of storage 
capacitance and coil inductance and the latter to the square root of the 
product of coil inductance and resistance (Jalinous, 1988). Typically in 
magnetic stimulation the induced electric field waveform is either 
predominantly monophasic, biphasic or polyphasic. The term 
predominantly monophasic indicates that is not possible to produce a 
purely monophasic pulse with magnetic stimulation, and this actually 
refers to a situation where the pulse has been critically damped. By 
adjusting the values of L (inductance) C (capacitance) and R (resistance)
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in the magnetic stimulator discharge circuit the pulse shape can be 
changed to suit the intended application. Only the Cadwell and Neotonus 
magnetic stimulators use polyphasic pulses, other manufactures use 
either biphasic or predominantly monophasic pulses. Of these 3 pulse 
shapes a monophasic form is best for determining the site and moment of 
stimulation, as it resembles true monophasic electrical stimulation the 
closest.
For predominantly monophasic stimulation the electric field pulse width is 
given by equation 1 (Cadwell, 1991):
1) Pulse width « tt /2  x V LC
From this relationship it can be seen that to increase the pulse width 
either the inductance and/or capacitance must be increased. It has been 
shown that magnetic stimulation of the ulnar nerve with a rise time of 
175ps (i.e. pulse width) needs twice as much stored energy as compared 
to a rise time of 59ps (Barker et al., 1991) This means that wider pulses 
require much higher energy devices, which are more costly, difficult to 
manufacture and less energy efficient. This combined with the fact that 
narrow pulse widths have been shown to be optimal for large myelinated 
fibre activation (Barker et al., 1991) has led to the development of 
relatively low power magnetic stimulators.
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1.2.3 Physiological effects
Magnetic stimulation has been used exclusively to stimulate large 
myelinated nerves. However in principle it should be possible to produce 
other electrophysiological effects such as stimulation of smaller fibres, 
generation of unidirectional action potentials and nerve block (Accornero 
et al., 1977;Brindley & Craggs, 1980;van den & Mortimer, 1979). The 
following sections review the physiological mechanisms underlying 
magnetic stimulation before examining the electrophysiology of the 
proposed new applications of ‘high power magnetic stimulation’.
1.2.3.1 Strength-duration curves
The relationship between the strength and duration of a threshold 
stimulus can be plotted as a strength-duration curve. From this it is 
possible to calculate the neural membrane time constant (time constant = 
1.443 x Chronaxie), which characterises how the neural membrane 
depolarises or hyperpolarises (Polnsey, 1969). Strength-duration curves 
and their associated time constants allow the difference between classes 
of nerve fibre to be visualised. As a general rule of thumb, larger 
myelinated fibres (i.e. motor and some sensory fibres) are stimulated with 
narrower pulse widths and lower amplitudes than the small myelinated 
fibres, and these fibres in turn are stimulated with narrower pulses of 
lower amplitude than the unmyelinated C-fibres. Generally in mammalian
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experiments with electrical stimulation pulse widths of 50ps are used to 
stimulate fast myelinated fibres and 500ps for unmyelinated fibres.
Time constants for myelinated motor fibres in humans have been shown 
to be approximately 150ps, and those for myelinated sensory fibres 
between two and three times this value (Panizza et al., 1994). There is no 
published work on the neural membrane time constants of human 
unmyelinated fibres, however unpublished results from human 
microneurography studies have found that the neural membrane time 
constants of single C-fibres ranged from 400ps to 2ms with an average of 
1.2ms (H. Bostock, personal communication).
Experiments examining strength-duration relationships with magnetic 
stimulation in both the central and peripheral nervous systems have 
shown that for motor responses the shorter the magnetic field rise time 
(i.e. pulse width) the lower the stored capacitor energy (Barker et al.,
1991). This study also showed that both cortical and peripheral neural 
membrane time constants were similar at 150ps.
1.2.3.2 Central nervous system
Magnetic stimulation has found its main application in stimulation of the 
central nervous system. This has generated a huge amount of research 
and a detailed review is beyond the scope of this thesis. A recent review 
covers this subject in detail for the interested reader (Weber & Eisen,
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2002). Although magnetic stimulation of the brain and peripheral nervous 
system has been achieved, direct activation of the spinal cord has not 
been reported. This is thought to be due to the fact that the spinal 
foraminae concentrate the induced current causing stimulation of the 
nerve roots preferentially (Maccabee et al., 1991).
1.2.3.3 Peripheral nervous system
Magnetic stimulation of the peripheral nervous system is a relatively 
painless method of performing nerve conduction studies. However due to 
its inability to deliver a focused stimulus and to elicit maximum amplitude 
compound muscle action potentials (CMAP) in a reproducible manner, it 
has not been widely adopted into clinical practice (Ruohonen et al.,
1997).
In spite of this difficulty study of magnetic stimulation of the peripheral 
nervous system does provide the simplest setting to explore a potentially 
complex mechanism of action. It has now been established that magnetic 
stimulation causes a rapid change in electric field across neural 
membranes, which results in either a hyperpolarisation or depolarisation 
of the nerve. Magnetic stimulation with commercially available devices 
does not cause direct stimulation of muscle fibres, but acts via neural 
stimulation (Ellaway et al., 1997). In a straight non-branching nerve, sites 
of activation can be predicted depending on the type of magnetic 
stimulator, coil used and the orientation of the coil (Maccabee et al.,
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1993). The effects of anatomical relations to the nerve (for example 
relation to bony structures and sites of nerve branching) have also been 
studied and predictions of the site of stimulation made (Maccabee et al.,
1993), so that although study of the peripheral nervous system appears 
simple, a whole variety of anatomical factors effect both the site of 
stimulation and threshold. It is these factors that are likely to underlie the 
problems of variable threshold and site of stimulation in in-vivo studies.
With magnetic stimulation particular attention needs to be paid to the coil 
position/orientation and direction of current flow within the coil. Several 
studies have looked at coil positioning for peripheral nerve stimulation 
(Evans, 1991;Maccabee etal., 1988;Maccabee etal., 1991;Nilsson etal.,
1992). These have shown that for stimulation of the peripheral nervous 
system, placing a figure of 8 coil so that the central portion of the coil 
(where the two circular coils meet) is directly over a nerve results in fairly 
focal stimulation site just in front of the anterior point of where the 2 coils 
meet. The direction of current flow in the coil is opposite to that induced in 
tissue, virtual electrodes are induced and are shown in figure 1.1 for 
circular, figure of 8 and 4 leaf coils (Maccabee et al., 1988, Roth et al.,
1994).
To date there are no reports of magnetic stimulation activating either 
thinly myelinated i.e. A-delta or unmyelinated nerve fibres.
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Figure 1.1 The virtual electrode arrangements induced by various 
coil configurations. The arrows show the direction of current flow in the 
coil and the charge signs indicate where the virtual anode (+) or cathode (-) 
are induced. The induced current flow is in the opposite direction to that in 
the coil. A) A simple coil. B) A figure-of-8 coil. C) A 4-leaf coil. Here the 
virtual tripolar electrode arrangement is shown in the horizontal plane.
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1.2.3.4 Safety
Magnetic stimulation of the brain, spinal cord and peripheral nervous 
system has been used widely in clinical and experimental settings in the 
last 17 years. Reviews of the safety with regards to stimulation of the 
central nervous system have been covered elsewhere (Barker et al., 
1989;Barker, 1991;Chokroverty etal., 1995;Jahanshahi etal., 
1997;Wassermann, 1998). This thesis explores stimulation of the 
peripheral nervous system and perhaps the most important organ that 
could be disrupted is the heart. This will be discussed in sections 1.2.4,
2.3.4 and appendix 2. However there are no reports of adverse effects 
from magnetic stimulation of peripheral nerves or muscle.
1.2.4 High power magnetic stimulation
Two groups have examined the use of prototype high power magnetic 
stimulators (Bourland etal., 1990;Yamaguchi etal., 1994). Both looked at 
magnetic stimulation of the heart.
The aim of the Bourland group was to examine the energy level required 
to achieve closed chest heart stimulation, with a view to establishing 
safety parameters for conventional magnetic stimulation (Mouchawar et 
al., 1992). Their system consisted of a 682pF capacitor rated at 9,900V 
discharged through a figure-of-8 coil arrangement with an outer diameter 
of 16.5cm and inductance of 220pH. This gave their stimulator a potential
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maximum energy of 33400J and an induced electric pulse width of 
approximately 600ps. However the device was only charged up to 
approximately 6500V. The threshold level for cardiac stimulation ranged 
from 8500J -  14.400J as determined by generation of a PQRST complex 
on the ecg and a corresponding arterial pressure wave.
The aim of the Yamaguchi group was to explore the possibility of 
therapeutic applications of high power magnetic stimulation, such as 
temporary pacing and cardiac defibrillation. They reported a series of 
experiments on open chest magnetic stimulation of dog heart. Their 
stimulator had a capacitance of 4mF and was charged to a maximum of 
2000V, giving a maximum energy of 8000J and an induced electric pulse 
width of 330ps. Premature ventricular contractions (PVC) could be 
produced only when the stimulator was fired in diastole (between the 
peak of the T wave and the start of the next P wave). The PVC’s were not 
associated with a corresponding pressure rise in arterial blood pressure 
(ABP). This was ascribed to the fact that the left ventricle contained 
insufficient blood to open the aortic valve and produce an arterial pulse. 
The minimum energy required to produce a PVC was 2440J. Attempts at 
defibrillation with the device charged to 2000V (i.e. 8000J energy) were 
unsuccessful.
There are no reported attempts in the literature to stimulate other organs 
with magnetic stimulation.
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1.3 Magnetic vs. Electrical stimulation
Both electrical and magnetic stimulation produce action potentials in 
excitable cells by creating current that causes charged ions to cross the 
cell membrane.
With electrical stimulation the anode and the cathode are placed over the 
excitable tissue and current flows between them through the underlying 
structures. The path of this current flow depends on the impedance of the 
tissue and the density of the current flow generally falls off with distance 
from the electrodes.
With magnetic stimulation a brief time-varying magnetic field is generated 
from a coil of wire carrying current. An electric field is induced in the 
tissues at right angles to the magnetic field, and its time course can be 
described by the time derivative of the magnetic field. The induced 
voltage/current is proportional to this electric field (Hallett et al., 1990). 
The depth of penetration of magnetic stimulation is proportional to the 
diameter of the coil used and the induced electric field falls off much less 
rapidly with distance the larger the diameter of the coil used (Barker, 
1991 and Jalinous, 1991), however the intensity of induced current is not 
greatly affected by tissue impedance. Hence, to get a particular current 
density on the tissue of choice it is not necessary to have a high current 
flow at the skin surface, unlike electrical stimulation. It is this high current
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density on the skin that causes much of the pain associated with 
electrical stimulation (Barker, 1991).
Magnetic stimulation has several disadvantages in comparison to 
electrical stimulation:
1) the equipment is bulky and costly, generally weighing >20kg.
2) fast repetition rates are much more difficult to achieve. Although rapid 
rate machines have been around for a few years, it is still technically 
more difficult to achieve than with electrical stimulation.
3) the site of stimulation is much less well defined.
4) the stimulus is highly energy inefficient, with <0.001% of the energy 
stored in the capacitors being used to activate the nerve (Barker et a/., 
1991).
It does however have some important advantages. These include 
painless stimulation of the central and peripheral nervous systems and 
non-invasive stimulation of deep peripheral nerves.
1.4 Potential clinical applications:
1.4.1 Electromagnetic Anaesthesia (EMA)
Nerve conduction can be blocked by direct electrical stimulation from a 
tripolar electrode arrangement (Accornero et al., 1977). Studies with a 4-
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leaf coil have demonstrated the ability to produce a virtual tripolar 
electrode arrangement with magnetic stimulation (Roth et al., 1994), 
however no attempt at producing magnetic nerve block with such an 
arrangement has been reported. Although there are no reports of using 
direct electrical stimulation to produce nerve block and subsequent local 
anaesthesia there have been multiple attempts at producing general 
anaesthesia with electricity, which has been called electroanaesthesia 
(see section 1.4.1.5), but this has not found a place in routine clinical 
practice. The following section reviews some electrical properties of 
axons and the electrophysiological principles underlying electrical and 
potentially magnetic nerve block.
1.4.1.1 Nerve fibre types in mammalian nerve
Nerve fibres are classified into A-, B-, and C-fibres and table 1.1 
summarises some electrical properties of the different fibre groups 
(Ganong, 1995).
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Table 1.1 Some electrical properties of axons
Fibre type Function Fibre
Diameter
(pm)
Conduction
Velocity
(m/s)
Spike
Duration
(ms)
Absolute 
Refractory 
Period (ms)
A a Proprioception; somatic motor 12-20 70-120 0.4-0.5 0.4-1
P Touch, pressure 5-12 30-70 u u
r Motor to muscle spindles 3-6 15-30 u u
8 Pain, cold, touch 2-5 12-30 <<
B Preganglionic autonomic <3 3-15 1.2 1.2
C
Dorsal root Pain, temperature, some 0.4-1.2 0.5-2 2 2
Sympathetic
mechanoreception, reflex 
responses
Postganglionic sympathetics 0.3-1.3 0.7-2.3 2 2
A- and B-fibres are myelinated, C-fibres are unmyelinated.
For motor afferent axons an alternative classification is also frequently 
used: Group I (A-alpha); Group II (A-beta); Group III (A-delta); Group IV 
(C).
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Anode break excitation and relevance to pulse shape
To achieve anodal block of a nerve a wide electrical pulse of greater 
amplitude (greater than 8x) than the stimulation threshold is required. It is 
known that on cessation of a wide square pulse the nerve is excited at 
the anode (Gotch & MacDonald, 1896). This “anode break excitation” is 
due in part to the passive electrical properties of the connective tissue 
sheath, and hence is more readily seen in peripheral nerves than spinal 
roots, which have no sheath. By making each pulse end gradually rather 
than suddenly it is possible to avoid anode break excitation (Burke & 
Ginsborg, 1956). It has now been established that large myelinated fibres 
can be anodally blocked without anode break excitation with a 350ps 
square pulse that has an exponentially falling phase of 600ps (Fang & 
Mortimer, 1991), and this arrangement has been used to send uni­
directional action potentials. Clearly this is for a particular electrode 
arrangement, and if the inter-electrode separation was increased, a wider 
square wave would be required for anode block, but the exponential fall 
would remain the same. Block of the C- fibre compound action potential 
has been shown with triangular shaped pulses. These had a steep rise 
time and then exponentially decayed over about 30ms (Accornero et al., 
1977).
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Axonal firing rates to noxious stimulation
Understanding the characteristics of axonal discharge in response to 
noxious stimuli (e.g. during an operation) would allow an estimate of how 
often a peripheral nerve had to be blocked to produce electrical and 
potentially electromagnetic anaesthesia. However this is not adequately 
explained in the literature. Psychophysical experiments on humans 
(Anton et al., 1984) have shown that when a skin fold is squeezed with a 
constant force, it was not usually painful at the beginning but pain 
increased throughout the stimulus period. It was shown in complementary 
microneurographic recordings from human nerves (Adriaensen etal., 
1984) that during such a stimulus C-fibre polymodal nociceptors usually 
exhibited adaptation after an initial phasic response (i.e. after an initial 
burst of firing, the firing frequency slowed down). This may seem 
surprising as the stimulus becomes more painful with time, but the 
nociceptive C-fibres are firing at a slower rate. Handwerker went on to 
show from experiments in the rat tail that this slowing was not due to 
concurrent activation of large diameter myelinated fibres and that a 
central mechanism yet to be found probably accounted for this 
(Handwerker et al., 1987).
Data from the study in the rat tail showed an initial average C-fibre firing 
rate of <10Hz which quickly slowed to <3Hz over 10 seconds or so, and 
then gradually adapted to an average firing rate of <2Hz (Handwerker et 
al., 1987). The average firing rate of the A-delta fibres was initially around
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20Hz, but this slowed within about 10 seconds to an average of <10Hz 
and by two minutes had slowed to an average of around 5Hz. Although it 
will only be proven by experiments directly looking the frequency of 
blocking stimuli required to produce ‘electrical block anaesthesia’, the 
results of the above studies help to give an indication of what parameters 
might be needed to produce electromagnetic nerve block/anaesthesia.
1.4.1.4 Peripheral nerve conduction block with electricity
When steady direct current is passed through a nerve, excitability is 
raised near the cathode and lowered near the anode (Pfluger, 1859). 
Manfredi was among the first to demonstrate conduction block of the 
larger fibres in peripheral nerve with pulsed polarising current (Manfredi,
1970). He was able to block all group A- and B- fibres, thus allowing C- 
fibres to be isolated and studied. Accorneros’ group used triangular 
shaped pulses, and were able to produce block of all nerve fibres (judged 
at the compound action potential level) without the complication of late 
firing due to off-excitation (anode break excitation, see section 1.4.1.2) 
(Accornero et al., 1977). Block of single C-fibres has not been reported 
and it is therefore possible that the reported block of the C-fibre 
compound action potential is due to desynchronisation of the compound 
rather than true block. More recently, it has been shown that A8-and C- 
nociceptive fibres undergo progressive conduction block with prolonged 
stimulation (Gee etal., 1996;Thalhammer etal., 1994). All of the
41
techniques discussed above have been used by physiologists as 
investigative tools and, to date, have found little clinical application.
1.4.1.5 Electroanaesthesia
There is a long history of attempts at using electricity as an anaesthetic 
agent. However this has focused on stimulation of the central nervous 
system. In 1890, six years prior to demonstrating magnetic stimulation of 
the optic nerve, d’Arsonval explored the induction/maintenance of general 
anaesthesia with electricity (Senior, 1984). This was explored in more 
detail by Smiths group in the 1960’s. They produced electro-anaesthesia 
in animals with scalp electrodes, using varying AC and DC currents 
(Smith et al., 1963), but were unable to repeat this in humans (Smith et 
al., 1977).
In a review of electroanaesthesia (Smith 1971) reference to unpublished 
experimental observations by Goldstein is made. This reports spinal 
electro-anaesthesia in monkeys using needle electrodes, in the epidural 
space, 4-6cm apart and passing current along the cord. However, these 
results were unable to be reproduced with surgically implanted electrodes 
(Smith, 1971).
The only successful reports of electricity contributing to anaesthesia have 
come from Limoges’ group in the 1970’s and 80’s. They used a biphasic 
current applied through scalp electrodes that managed to maintain
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general anaesthesia (Limoge, 1975), but not induce it. Limoge current 
electro-anaesthesia reduced the amount of general anaesthetic drugs 
required by 60-70%. Its mechanism of action was attributed to the central 
release of enkephalins which are known to act as endogenous opiates, 
via their inhibitory neurotransmitter activity (Limoge et al., 1999).
1.4.1.6 Mechanism of action of electrical and potentially magnetic 
nerve block:
From the above it can be seen that electrically induced conduction block 
(and hence an ‘electrical anaesthesia’) in peripheral nerves is produced 
by one or more of the following mechanisms:
1) Initiation of unidirectional action potentials resulting in collision block
2) Tripolar hyperpolarisation block
3) Depolarisation/refractory period block
4) Conduction slowing of A8- and C-fibres during a prolonged period of 
stimulation.
Figure 1.2 shows a simplified diagrammatic representation of the principle 
underlying how the first two mechanisms of action have their effect.
Hence the potential exists for magnetic nerve block with an arrangement 
of coils that can produce a virtual tripolar electrode arrangement (Roth et 
al. 1994).
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Figure 1.2. Schematic diagrams showing the proposed mechanisms of action for 
the production of reversible block of conduction in a peripheral nerve. A) shows 
the nerve at rest. B) depicts the initiation of an action potential. C) a bipolar 
electrode has been applied to the nerve, the action potential propagates in two 
directions along the nerve away from the cathode. The action potential heading for 
the anode can be blocked if the electrical pulse is of sufficient duration and 
amplitude. D) here a tripolar electrode arrangement has been applied to the nerve, 
the action potential initiated at the cathode can be blocked at both anodes.
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1.4.2 Magnetic stimulation of the upper urinary tract
1.4.2.1 Electrophysiology of the upper urinary tract
The upper urinary tract is innervated by both autonomic and sensory 
nerve fibres, but the relevance of these nerves in the normal physiological 
process of urine transport is controversial and the evidence conflicting 
(Santicioli and Maggi 1998). It has been recently proposed that the 
nervous system has little role to play in the generation and propagation of 
normal physiological ureteric peristalsis, which primarily appears to be a 
muscular phenomena (Lang et al 1998).The nerve supply may have a 
greater role in pathological processes such as infection and stones (Lang 
et al 1998).
In species with multicalyceal kidneys, several pacemaker sites in the 
renal calyces discharge spontaneously, the oscillation of each subunit 
being insufficient to trigger peristalsis. As the impulses merge together 
(electrical coupling) into a single wave front a peristaltic wave is produced 
(Gosling and Dixon 1974). It has also been proposed in unicalyceal 
kidneys that the degree of filling of a particular calyx or local stretch may 
determine the initiation of pacemaker activity at a given site (Lammers et 
al 1996). In humans it may be a combination of both these factors i.e. 
spontaneous pacemaker activity and degree of local stretch/filling that 
may change the synchronisation between subunits and contribute to the 
generation of peristalsis (Golenhofen and Hannappel 1973, Constantinou 
and Yamaguchi 1981).
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Ureteric peristalsis can be activated by electrical stimulation. This is 
achieved by either direct stimulation/depolarisation of the smooth muscle 
cells or by activation of unmyelinated sensory nerve endings causing 
release of tachykinins e.g. neurokinin A. These act as neurotransmitters 
and are powerful stimulants of pyeloureteral motility (Lang etal., 
1998;Maggi etal., 1992).
Direct smooth muscle stimulation generally requires wide electrical pulses 
(typically >2ms) where as unmyelinated sensory nerves can be 
stimulated by narrower pulses, typically 500ps in duration. The ureteric 
smooth muscle response to ‘narrow pulse’ electrical stimulation has been 
proven to be due to activation of unmyelinated nerves rather that direct 
muscle stimulation by the demonstration that application of a variety of 
nerve blocking agents, including TTX and neurokinin antagonists abolish 
the contractile response (Maggi et al. 1992).
Magnetic stimulation has the potential to stimulate ureteric peristalsis, but 
the narrow induced pulse widths from commercially available devices 
(generally <100|us) would not be able to stimulate the ureter by either 
mechanism outlined above. From the foregoing sections on magnetic 
stimulation it can be seen that it would be easier to construct a device 
capable of producing induced pulse widths of a few hundred 
microseconds rather than a few milliseconds. It was in the light of this that
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the design and construction of 2 prototype high power magnetic 
stimulators was undertaken (see chapter 2).
1.4.2.2 Potential benefits of magnetic stimulation of the ureter
Kidney stones are common, with a prevalence of 4%. Up to 30% of cases 
require some form of surgical intervention. This may vary from minimally 
invasive endoscopic stone extraction and Extracorporeal Shock Wave 
Lithotripsy (ESWL) to open surgery. These techniques have their own 
associated complications, for example a 15% re-admission rate post 
ESWL, with 10% of those treated with ESWL requiring further surgery 
(Palfrey et al., 1986). Ureteric stone fragments cause considerable post 
ESWL morbidity.
It has been shown that stones cause a variable degree of obstruction to 
the renal tract which disrupts peristaltic activity (Constantinou & Djurhuus, 
1981). This may result in a delay in passing the stone. This can occur 
with single stones or the multiple stone fragments post lithotripsy.
Various factors may be responsible for the inhibition of peristalsis in the 
presence of an obstruction ureteric stone. Experiments that model acute 
ureteral obstruction in dogs (Crowley et al 1990) have shown that the 
peristaltic rate, baseline and peak pressures increase proximal to the site 
of obstruction. In contrast, the peristaltic rate remained unchanged distal 
to the obstruction with decreased intraluminal pressure. Crowley
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suggested that failure of transmission of effective peristalsis across the 
site of obstruction hindered the stone passage. However more recently it 
has been shown that stimulation of unmyelinated sensory nerve fibres 
causes the release of CGRP in the ureter, which has been shown to have 
both a smooth muscle relaxant effect and an inhibitory effect on 
propagation of peristalsis (Santicioli and Maggi 1998).
Thus the possibility of using magnetic stimulation to restart peristalsis and 
potentially help expel stone fragments was raised. The only published 
work in this area comes from a group in Russia (Li et a i, 1994). They 
reported the use of ‘Impulse Magnetic Fields’ to expel stone fragments 
post lithotripsy. They reported 100% activation of ureteric peristalsis with 
impulse magnetic fields and 22 of the 35 patients (62.9%) successfully 
expelled their stone fragments. However the methodology does not 
make clear the parameters of the electromagnetic field used to achieve 
this or suggest a mechanism by which this might have occurred. Although 
enhanced stone expulsion would be beneficial, ‘jump starting’ of ureteric 
peristalsis with magnetic stimulation could have potentially harmful 
consequences effects particularly in the presence of infection and/or 
obstruction, for example worsening pain or deleterious effects on renal 
function.
One of the aims of this thesis is to explore this further and try to define 
the parameters required for magnetic stimulation of ureteric peristalsis.
48
1.4.3 Magnetic stimulation of other organs
Although not specifically an aim of this thesis, it became apparent during 
the experiments that it would be fairly straightforward to attempt cardiac 
stimulation/defibrillation with the prototype devices, in a similar manner to 
that previously described by other groups (Bourland et al. 1990, 
Yamaguchi et al. 1994). The aim being to confirm the ability of magnetic 
stimulation to activate the heart and allow the safety aspect of the devices 
to be explored in greater depth.
1.5 Summary
In summary, this thesis will describe the design and construction of two 
prototype high power magnetic stimulators. Following this experiments 
examining the electrical principles underlying magnetic nerve block will be 
described prior to detailing a series of magnetic stimulation experiments 
using the prototype devices on the kidney.
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Chapter 2: Design, construction and 
performance evaluation of two prototype 
magnetic stimulators and associated 
field coils.
2.1 Background
This chapter describes the development stages and testing of two 
prototype high power magnetic stimulators, the Digitimer high power 
magnetic stimulator (HPMS) and the Loughborough HPMS. A brief 
history and background to magnetic stimulator design and construction 
has been given in chapter 1.
The aim of the first prototype the Digitimer HPMS was to test the effect of 
doubling the capacitor voltage, keeping the pulse width constant. The aim 
of the second prototype, the Loughborough HPMS was to dramatically 
increase both parameters.
Before discussing the stimulators in detail some of the basic equations 
relating to magnetic stimulation will be reviewed and the method used for 
measuring induced electric field produced by these stimulators outlined.
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2.1.1 Some principles related to magnetic stimulation
It has been shown that the figure of merit for magnetic stimulation is the 
square root of the energy stored in the capacitor bank (assuming that the 
resistance is small) (Roth et al., 1991). Thus to double the stimulation i.e. 
to double the pulse width or amplitude, four times the energy is required 
(Cadwell, 1991). However this simple view takes no account of the 
strength/duration characteristics of nerve fibres.
An approximation of the induced pulse width of an electric field is given 
by:
Pulse width = t t /2 x  V LC (1)
where L is the coil inductance and C the stimulator capacitance. As can 
be seen from this equation to double the pulse width requires 4 times the 
capacitance, or 4 times the inductance, or twice the inductance and twice 
the capacitance.
Other useful equations for examining a magnetic stimulator are:
Energy (stored in the capacitor) = 1/2 CV2 (2)
Where C is the capacitance of the capacitor and V is the working voltage
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Energy (stored in the magnetic field) = V2 LI2 (3)
Where L is inductance and I is the maximum current in the coil. Assuming 
minimal resistance in the transfer circuit then the energy stored in the 
magnetic field is approximately the same as the energy stored in the 
capacitor.
2.1.2 Measuring the induced electric field from a magnetic 
stimulation coil
With a figure of 8 coil, the maximum stimulus effect occurs when the coil 
is positioned so that a straight length of nerve runs parallel to the midline 
between the two coils making up the figure of 8 shape (Barker, 1999). 
This is denoted by the ‘Y’ axis in figure 2.1 A. The maximum effect (site of 
stimulation) varies according to the size of coil and voltage discharged 
through it, but generally occurs just in front of the anterior point of overlap 
of the two circular coils and is the point at which the rate of change of 
magnetic field is greatest (see figure 2.1A)(Evans, 1991).
Although in practice the nerve will be a composite, mainly fluid medium, 
comparative measurements between coils in air still hold true. To 
measure the induced electric field a flat rectangular coil, as shown in 
figure 2.1B was used. The rectangular coil was held so that the distal end 
was positioned over the centre of the figure of 8 coils, parallel to the Y 
axis as shown in figure 2.1 A. A potential difference will be induced in all
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Figure 2.1:
A: Schematic 
representation of a 
figure of 8 coil, which 
is made up of two 
circular coils whose 
currents run in 
opposite directions.
The point of 
stimulation takes place 
on the Y axis just 
anterior to where the 2 
circular coils meet.
I
Distal end
................... ....... ....- .■....- ....... E2 ...— ...................... )
tE1 E4 » To
1/ ^[“ 7 CRO
4--------:--------------....- .....—— ■ E3------------------- ------------------------)
B: The rectangular electric field measuring coil. Dimensions 1 x 20cm. See 
text for explanation.
> X
= expected site o f nerve stimulation
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parts of the loop, however the potentials induced in the two long sides 
(E2 and E3 in figure 2.1B) are equal and opposite and cancel one 
another out. The potential E1 is induced in the distal end of the 
rectangular coil. An opposite potential E4 will be induced in the proximal 
end of the rectangular coil, but as this is 20cm away from the face of the 
figure of 8 coil the induced potential will be <1% of that of E1 and can be 
ignored. The electric field strength will therefore be given by E1/length of 
the short side (volts/cm).
2.2 The Digitimer 4.3 KJ HPMS
2.2.1 Design and rationale
This stimulator was designed and constructed in conjunction with 
Digitimer Ltd. The Digitimer D190 magnetic stimulator has been used in 
neurophysiological practice for several years, but is not as popular as 
other devices. This is at least in part due to the small induced peak 
electric field and wide induced pulse width when compared to other 
devices, such as the Mag Stim MES10 (Claus, 1991). A comparison 
between the pulse shapes, durations and peak electric fields for the 
MS200 and Digitimer HPMS (which has double the capacitor voltage but 
the same pulse width as the D190) is shown in figure 2.2. It can be seen 
that the although the peak induced electric field for the MS200 is 44% 
higher than for the Digitimer HPMS, the pulse width of the latter is more 
than 3 times that of the former.
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Figure 2.2: Comparison of pulse shape, pulse width and peak induced 
electric field from the MS200 and the DHPMS
Mag Stim 200 
—  Digitimer HPMS
MS200 DHPMS
Peak voltage: 6.9V/cm 4.8V/cm
Pulse width: 84ps 270ps
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It has also been shown that for stimulating large myelinated nerves the 
shorter the pulse duration the better (Barker et al., 1991), from an 
efficiency perspective. This is why most manufacturers have produced 
relatively narrow pulse width devices.
The relatively wide induced pulse width of the D190 (270us with a 
digitimer flat figure-8-coil, each coil 7cm diameter) is due to the design of 
the stimulator (figure 2.3A). The capacitor bank consists of 8x2200nF 
electrolytic capacitors series/parallel connected to give a total 
capacitance of 4400nF at 750V. This gives a total energy of 1237.5J. The 
inductance of the Digitimer standard flat figure of 8 coil is 6.7 \iH (supplied 
by manufacturer). By using this figure with equation 1, the induced pulse 
width can be confirmed to be 270ns, with a peak voltage of 2.6 V/cm. The 
D190 design differs markedly from the design of the Magstim 200 which 
uses paper capacitors of much lower capacitance, but higher voltage 
rating (100pF, 3300V). This produces an induced pulse width of 84ns, 
with a peak voltage of 6.9 V/cm (see figure 2.2).
In spite of the relative inefficiency of the D190 for myelinated fibres, the 
design starts to become more efficient if a wider pulse width is required, 
for example to stimulate thinly myelinated or unmyelinated nerves. 
However a much larger peak induced voltage would be required than is 
produced by the current D190.
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Figure 2.3: Block diagrams of the comercially available Digitimer D190 
magnetic stimulator (A) and the prototype high power magnetic 
stimulator (B)
SET VOLTS INHIBIT
‘OH' STIMULATING
COIL
LT
TRIGGER
AND
SYNCTRIG IN SYNC
OUT
D190 BLOCK DIAGRAM
IN H IB ITSET VOLTS
N w- O". TH1
TRiL o~~ 0 Vv [03
s t im u l a t in g
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TR2 C2 f l 10ms 
PULSE 
DELAY.
D190HV BLOCK DIAGRAM
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It was thus decided to construct a prototype that was capable of 
producing a wide pulse width (270 (is) with double the capacitor voltage, 
which would increase the peak induced voltage of the D190 by a factor of 
two. The design was based on the D190, but with double the number of 
capacitors, arranged to double the operating voltage (figure 2.3B).
A variety of design features were incorporated into the device, these 
include:
•Capacitance 4.4mF 
•Charging Voltage 1400 V 
•Max stored energy 4.3 KJ
•3 pulse widths options by selecting the whole, half or one quarter of the 
capacitor bank. This gave pulse widths of x, Vx, x/2.
•Normal/reverse polarity option
•Frequency 1-3 Hz (depending on charging voltage)
•Peak E-field with standard figure of 8 D190 coil 4.8V/cm
2.2.2 Construction
The capacitor bank and electronic control circuitry were built by Digitimer 
limited and is shown in figure 2.4. A block diagram of the circuit layout is 
shown in figure 2.3B.
65
Figure 2.4: The Digitimer HPMS.
A) The standard figure of 8 coil connected to the capacitor bank.
B) Output display with variability control beneath
C) Normal and reverse polarity connections to the capacitor bank, this 
allows the polarity to be reversed without moving the coil.
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Initially several attempts at making coils with a variety of different 
inductances and sizes was undertaken. Details of the manufacturing 
process are described in section 2.3.2. However they all failed when 
tested (see figure 2.5A) and so the standard figure of 8 D190 coil 
manufactured by Digitimer, with an inductance of 6.7jliH and induced 
pulse width of 270ps was used in all experiments.
2.2.3 Safety
The safety of magnetic stimulation has been discussed in section 1.2.3.4. 
The main additional safety aspect found during the testing phase was that 
of exploding coils. There is a report of one manufacturers coil failing 
during a demonstration to a paediatric department in the UK (personal 
communication Digitimer Ltd.). One fragment from the coil embedded 
itself in the wall on the other side of the room!. As previously mentioned in 
section 2.2.2, following similar failures of ‘home made’ coils it was 
considered safest to use the Digitimers standard figure of 8 coil.
Safety concerns with conventional magnetic stimulation centre around 
possible effects on the brain and heart (Barker, 1991 ;Chokroverty et al., 
1995;Jahanshahi etal., 1997;Wassermann, 1998). Although it is probable 
that the more powerful the stimulator the more likely adverse events are 
to happen, these were not studied in detail as they were beyond the 
scope of this thesis. However three heart stimulation experiments were 
undertaken and are discussed in sections 2.3.4 and appendix 2.
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Figure 2.5: This figure shows the residual coils following an 
explosion on capacitor discharge.
(A) This small figure of 8 
coil had been made with
2mm diameter circular
enamelled copper wire
coated in heat shrink
and embedded in epoxy
with a Tufnol housing. It K
exploded following firing p
the Digitimer HPMS at £ 31
100% £z .1 O
(B) This figure of 8 coil 
was constructed for the 
Loughborough HPMS. 
The coils were wound 
from 5.7 x 2mm 
enamelled copper 
ribbon, and embedded 
in epoxy with a Tufnol 
frame.
(C) Another figure of 8 
coil as in (B) has 
exploded when the 
Loughborough device 
was discharged
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2.3 The Loughborough HPMS
This stimulator was designed and constructed in conjunction with 
Professor Smith’s High Voltage engineering group in the department of 
Electrical and Electronic engineering at Loughborough University. A 
detailed description of this device has already been presented (Novae et 
al., 2002) and is attached in appendix 1 of this thesis. A brief description 
of the device is provided below.
2.3.1 Design and rationale
There are only two previous reports of high power magnetic stimulators 
(Bourland eta!., 1990;Yamaguchi et al., 1994), these were both used to 
stimulate the heart (see section 1.2.4). The maximum energy used in 
these experiments was 14.4KJ. For the Loughborough HPMS Professor 
Smith’s group adapted a magnetic missile launching system that they had 
been working on to create the stimulator. This consisted of a 400nF 
capacitor bank rated at 22kV giving a total energy of 96.8KJ, almost 7 
times more powerful than the stimuli used by the Bourland group.
2.3.2. Construction and operation
The capacitor bank and charging/discharging system was designed and 
built at Loughborough and then re-assembled in a side room off the 
operating theatre. Pictures of the system are shown in figure 2.6 and 2.7.
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Figure 2.6: The figure shows two photographs of part of the Loughborough 
HPMS, The electronic control system for charging the capacitors (E) is 
connected to the capacitor bank (C), which is activated by a nail switch (N).
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Figure 2.7: (A) shows the diode stack (D) and dissipating resistor (R), which 
receive the output from the capacitor bank.
(B) Shows a search turn (S) for measuring the electric field and Gauss meter 
(G) for measuring the magnetic field, in position on the surface of the figure of 
8 coil.
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Several prototypes of coil were trialled prior to the design being 
established. Previous studies of high voltage capacitor discharge systems 
connected to coils found that both insulator breakdown and 
compressive/expansive forces in the coil on capacitor discharge were 
critical factors in coil stability (Burke 1997). It should be noted that these 
coils were designed for single use as part of a missile launching system 
rather the multi use requirements for medical stimulation. The coils 
manufactured by Burke consisted of enamelled copper ribbon covered 
with heat shrink (to improve insulation), bound with fibreglass tape (to 
prevent excessive coil expansion). These were then embedded in a tufnol 
frame with an epoxy resin. Tufnol is a strong non-magnetic material which 
can be easily cut to shape for frame manufacture.
Although suitable for single use this coil design failed within a few shots 
(see figure 2.5a). Subsequently the fibreglass tape and then heat shrink 
were excluded from the design which resulted in relatively stable coils, 
although these would still fail, but after many shots.
Ultimately each coil used in the physiological experiments was wound 
from 5.7 x 2mm enamelled copper ribbon. This was secured in a Tufnol 
frame and potted in a cured epoxy compound. This allowed the coils to 
withstand repeated full energy shots. Figure 2.8 shows various views of 
the coils.
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Figure 2.8: Different views of the Loughborough HPMS figure of 8 coil.
A: Plan view of the front 
face of the coil. The 
position of the coils 
within the tufnol has 
been marked on the 
surface.
B: Side view of the coil 
in (A). Showing that 
the connections 
between the 2 coils 
are also embedded in 
epoxy resin within the 
white pipe.
C: A view of the rear 
of the coil housing 
showing how the 
cables from the 
capacitor are 
connected to the coil
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The device was operated by a nail switch. This is shown in figure 2.6 and 
consists of a cylinder with a weighted nail at the top end and a layer of 
insulation separating the two sides of the circuit at the bottom (in this 
case copper sheets). When the nail is released it punctures a hole in the 
insulation and completes the circuit. The electrical equivalent circuit for 
the stimulator is shown in figure 2.9.
The advantages of the nail switch were that it allowed safe, reliable and 
cheap switching of the high voltage circuit. It would be possible to use an 
electrical based switching system as opposed to a physical one e.g. 
thyristors. This would reduce the switching setup time required for the nail 
switch, but these were not used for switching the Loughborough HPMS. 
The reasons for this were partly reliability and cost, however the main 
factor was that the switching mechanism was not the time limiting factor 
for the number of discharges that the device could produce, the rate at 
which the capacitors took to charge was. However with appropriate 
resources it would be possible to produce a device that both had a faster 
charging and switching ability giving a faster stimulation rate.
2.3.3 Performance Evaluation
A similar rectangular coil to that used for measuring the electric field for 
the Digitimer HPMS was used to measure stimulating ability of the 
Loughborough device (figure 2.7B). In addition the magnetic field strength
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Figure 2.9: The electrical arrangement of the Loughborough HPMS. Two 
parallel-connected 200p.F capacitors form the capacitor bank C. A series 
combination of a reverse biased ten-diode stack and ballast resistor 
(Rbaiiast) 's connected in parallel with the figure of 8 coil arrangement (RcoN 
and 1^,), both to control the shape of the pulse and prevent reverse 
charging of the bank.
Closing switch
Diodes
coil
c
billaat coil
m m r ^
^  bank
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was measured with a Gauss meter. The patterns obtained for the 
magnetic and electric field distributions are shown in figure 2.10.
One of the main aims of this thesis was to explore magnetic stimulation of 
the kidney. This lies some 5cm deep to the skin surface. Therefore the 
electric field strength of the stimulator was measured 5 cm from the 
surface of the coil and is shown in figure 2.11. This is compared to the 
electric field induced at 5cm from the Digitimer HPMS and the MagStim 
200 and shows that the Loughborough device produced approximately 4 
times the electric field strength of either of the other devices and 2-6 
times the induced pulse width.
2.3.4 Safety
Unlike conventional magnetic stimulators the Loughborough HPMS could 
only be operated by the physicist and technician as an intimate 
knowledge of high voltage engineering was required. Risks of explosion 
with this device come from both the capacitor bank and the coil. The 
capacitor bank had to be built into a room with concrete/brick walls 
separate from the operating theatre and observation room. The room was 
closed off during charging and firing of the device. Although the coil was 
much less of an explosive risk than the capacitor bank, several had to be 
made as failure could only be predicted with testing (see figure 2.5). 
Consequently during the few seconds around the time of the stimulus the
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Figure 2.10: Field intensity distributions at 5cm from the surface of the 
coil. A) Magnetic. B) Electric.
B
Figure 2.11: Comparison of electric fields induced at 5cm from 
the face of the coil between the Loughborough HPMS (red), the 
Digitimer HPMS(black) and the MagStim 200 (blue).
0 0.5 1 U  2 75 3 3.5 4
0
time (milliseconds)
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theatre was evacuated and the animal monitored from the anaesthetic / 
observation room.
Although beyond the scope of this thesis, the effect of the Digitimer 
HPMS on the vagally arrested heart was studied at the end of one 
experiment, and the effect of the Loughborough HPMS on a heart in 
ventricular fibrillation was studied in another two (see appendix 2). The 
Digitimer HPMS was able to stimulate ectopic beats (at 4.3kJ and 270|as 
pulse width), but the Loughborough device had no effect on the fibrillating 
heart (36.5KJ and 500 (as). This confirms the work of others (Yamaguchi 
et a/., 1994;Bourland et a/., 1990) who showed ectopic beats at 
3.3KJ/370 (as and 10kJ/600 \is respectively.
2.4 Discussion
This chapter has described two prototype magnetic stimulators that were 
specifically designed and constructed to explore the stimulation of 
unmyelinated nerves in the kidney. The Digitimer device was able to 
provide relatively frequent shots of lower energy and could be used with 
relatively little training. Whereas the Loughborough device took several 
minutes to set up for each shot and when combined with the charging 
time for the capacitor banks each stimulus needed 10-15 minutes 
preparation time. It also required two trained operators to activate the 
device, but did produce highest energy stimuli ever seen in magnetic 
stimulation.
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The Loughborough HPMS was designed and constructed and tested 
within the budgetary constraints of this project. With appropriate 
resources it is likely that this device could be made smaller and more 
physically stable whilst generating clinically useful pulse widths at higher 
repetition rates.
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Chapter 3: Complete reversible electrical 
block of mammalian peripheral nerve in 
vivo
3.1 Introduction
The aim of these experiments was to establish whether electrical 
stimulation of peripheral nerve with ‘shaped’ pulses could produce 
reversible nerve block. This information would allow predictions about the 
strength and duration of an induced magnetic field required to produce 
nerve block to be made.
Previous studies with a tripolar electrode arrangement have 
demonstrated nerve block at the compound action potential level 
(Accornero et al., 1977), but conduction failure was not confirmed at the 
single unit level and the apparent nerve block seen in these experiments 
could be due to desynchronisation of the compound action potential.
The plan of investigation was therefore to test the hypothesis of electrical 
nerve block in four experiments:
a) Stimulation and block of Aap, A6 and C-fibre compound action 
potentials
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b) Stimulation and block of single C-fibres
c) Stimulation of Aap, A8- and C-fibres through a blocking tripole
d) Demonstration of unidirectional action potentials
3.2 Methods
3.2.1 Anaesthesia and surgery
Experiments were carried out on adult male New Zealand white rabbits 
(1.6 - 3.0 kg, n = 8) and on male and female Sprague-Dawley rats (200 - 
700 g, n = 27). Urethane anaesthesia was used (rats, 1.5 g/kg i.p.; 
rabbits, 1.8 g/kg i.v.). The trachea was cannulated and body temperature 
was maintained close to 37°C (rats) or 38°C (rabbits) using a heated 
under-blanket controlled by a rectal thermistor. In rabbits, tracheal 
cannulation was aided by subcutaneous injection of local anaesthetic 
(approximately 2ml of 1% lignocaine hydrochloride). In rats, the left 
carotid artery was cannulated and blood pressure was monitored 
throughout the experiments.
The fur on the leg was clipped prior to exposure of the saphenous nerve. 
A section of nerve was cleared from surrounding connective tissue just 
distal to the point where the saphenous nerve meets the main trunk of the 
femoral nerve and the nerve was cut at this proximal position. A second 
length of nerve was cleared more distally for the positioning of the 
stimulating electrodes (Figure 3.1). For experiments looking at
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Figure 3.1 Schematic diagram of the experimental set-up for the stimulation 
and block of peripheral nerve fibres in the rat saphenous nerve.
recording 
stimulating electrodes 
electrodes
saphenous nerve 
receptive field
saphenous
nerve
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unidirectional action potentials or at stimulation through a blocking tripole 
(see Experimental Protocols section below) a third length of nerve was 
cleared even more distally for the positioning of another pair of platinum 
wire electrodes (see Figure 3.2).
The surrounding skin was stitched to a metal ring to form a pool and this 
was filled with liquid paraffin oil to prevent the nerve from drying out. The 
foot and the leg were taped or glued down to a platform to prevent any 
movement of the nerve in the pool.
3.2.2 Recording of compound action potentials from the whole 
saphenous nerve
Three platinum stimulating electrodes were placed under the whole nerve 
at the distal end of the pool and were connected to a constant voltage 
stimulator with variable intensity, pulse width and exponential decay 
(Digitimer DS2A adapted to produce exponentially decaying pulses). For 
A and c-fibre studies the pulse width (i.e. the square wave part of the 
stimulus) was 50ps and 500ps respectively and the exponential decays 
were varied. The central electrode was the cathode and the surrounding 
anodes were positioned at equal distances either side of the cathode.
The cut end of the nerve was placed over a pair of fine platinum wire 
recording electrodes.
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Figure 3.2. Schematic diagram of the arrangement of the electrodes on 
the nerve for electrical stimulation through a blocking tripole
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Signals were recorded via an AC amplifier and were displayed on an 
oscilloscope (Tektronix 2230). The signals were also logged to computer 
via an A/D board (Microstar Laboratories, DAP 2400). Pre-amplification 
was 10,000 to 50,000. Filters were, for compounds, low frequency 10 Hz, 
high frequency 1.6 - 3.2 KHz (A compounds) or 0.8KHz (c compounds). 
For spikes, low frequency 80Hz, high frequency 1.6KHz (A fibres) or 
0.8KHz (c-fibres). The sampling rates varied from 50KHz for the 5msec 
(A fibre) sweeps to 1 KHz for the 200ms (c-fibre) sweeps.
The compound action potentials were classified into fibre type according 
to their conduction velocities. In the rat, myelinated A-fibres conduct in 
the range of 4-46m/s and the unmyelinated C-fibres conduct at <1.2m/s 
(Lynn, 1994). In the rabbit saphenous nerve the finely myelinated A5- 
fibres produce a compound action potential which is clearly separate from 
the compound action potential of the faster conducting large myelinated 
Aap-fibres (for example see Figure 3.5).
3.2.3 Recording of single C-fibres from fine filaments dissected from 
the rat saphenous nerve
In some experiments recordings were made from single unmyelinated C- 
fibres in fine filaments dissected from the rat saphenous nerve. The cut 
end of the nerve was placed upon a mirrored platform and the nerve was 
desheathed using a small piece of razor blade. Filaments were teased 
out using watchmakers forceps and they were repeatedly split until
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stimulation of the whole nerve (0.5ms pulse width) showed there to be 
identifiable C-fibres conducting in the filament. Multi-unit filaments were 
used but they tended to contain one predominant C-fibre unitary action 
potential (Figure 3.6).
Figure 3.3 An example of a multi-unit filament. After the initial stimulus 
artefact 3 spikes (labelled A, B, C) can be seen.
30ms
3.2.4 Experimental protocols
a) Stimulation and block of Aap, A5 and C-fibre compound action 
potentials
The electrodes were arranged as shown in Figure 3.1 except that 
recordings were made from the whole nerve and not from a fine filament 
as shown in Figure 3.1. The inter-electrode separation at the tripole was
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4-5mm. At the stimulating tripole a constant voltage square wave stimulus 
with an exponential decay was applied (adapted Digitimer DS2A) to the 
whole saphenous nerve and the compound action potentials were 
recorded from the more proximal recording electrodes. The stimulus 
intensity was increased until block (partial or complete) of the compound 
action potentials was achieved. A shock which was maximal for the 
compound action potential was then delivered to the nerve to check that 
the block was reversible. A range of pulse widths were tested: block of 
the Aap-fibre compound action potential was studied in both the rabbit 
and the rat using exponentially decaying pulses with time constants 
ranging from 100ps to 2ms; block of the A6-fibre compound action 
potential was only studied in the rabbit using exponentially decaying 
pulses with time constants of 1 ms and 2ms; block of the C-fibre 
compound action potential was only studied in the rabbit and 
exponentially decaying pulses with time constants ranging from 250ps to 
40ms were tested.
b) Stimulation and block of single C-fibres in the rat saphenous 
nerve
In 5 experiments in the rat, electrical stimulation and block of a single C- 
fibre was studied. The experimental set-up was as shown in Figure 3.1, 
and the inter-electrode separation at the tripole was 4-5mm. A range of 
stimulus shapes (exponential decaying pulses with time constants
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ranging from 5-40 ms) were tested for their ability to produce complete 
reversible block of a single C-fibre.
c) Stimulation of Aap, AS- and C-fibres through a blocking tripole
This study was only carried out in the rabbit due to the longer conduction 
distance available. The experimental set-up was as shown in Figure 3.2, 
with the 2 anodes of the tripole positioned at equal distances on either 
side of the cathode (at a distance of 4-5mm). Pulses were delivered 
simultaneously to the pair of stimulating electrodes and to the blocking 
tripole. Compound action potentials were recorded from the whole nerve 
at the recording electrodes. The stimulus delivered to the nerve at the 
paired stimulating electrodes was maximal for the compound action 
potential being studied. The stimulus intensity at the blocking tripole was 
increased until no conduction could pass through the tripole and no fibre 
activity was recorded. The stimulus at the blocking tripole was then 
switched off to demonstrate recovery from the block. This stimulation 
through a blocking tripole was studied in response to single shocks, to a 
train of stimuli for 1 second at a frequency of 10 Hz and to a train of 
stimuli for 1 second at a frequency of 50 Hz.
d) Demonstration of unidirectional action potentials
This study was only carried out in the rabbit and seven electrodes were 
positioned on the nerve (see Figure 3.14). The 2 anodes of the tripole 
were positioned at unequal distances on either side of the cathode, and
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pairs of recording electrodes were placed on either side of this uneven 
tripole arrangement. The recordings of the compound action potentials 
made at the two sites in response to a stimulus at the tripole were 
compared to one another.
3.3 Results
3.3.1 Block of the Aap-fibre compound action potential
Complete but reversible block of the Aap-fibre compound action potential 
was achieved using a tripolar arrangement of electrodes and was 
demonstrated in both the rabbit saphenous nerve (Figure 3.4) and the rat 
saphenous nerve (Figure 3.5).
A range of stimulus pulse widths were tested for their ability to produce 
conduction block of the Aap-fibres. Although block could be achieved with 
pulses of just 100ps exponential decay, the wider pulses required less 
voltage to produce block (see Figure 3.5). With a 1ms exponentially 
decaying pulse, the stimulus intensities required to produce complete A 
Aap-fibre compound action potential block ranged from 7.9x to 66.7x A 
Aap-threshold (n=10).
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Figure 3.4 Demonstration of complete block and recovery of the Aap 
compound action potential using a tripolar electrode arrangement.
The rabbit saphenous nerve was stimulated electrically using a tripolar electrode 
arrangement (+ - +) and the Aap compound action potential recorded. Pulse 
width = 2 ms exponential decay; sweep duration = 4.8 ms; conduction distance 
between most proximal anode and most distal recording electrode = 34 mm.
a. With a stimulus intensity of 5 x Aap threshold the Aap compound action 
potential is maximal.
b. Increasing the stimulus intensity to 20 x Aap threshold results in partial block 
of the Aa compound action potential.
c. Increasing the stimulus intensity to 30 x Aap threshold results in complete 
block of the Aa compound action potential.
d. Increasing the stimulus intensity further to 37 x Aap threshold results in partial 
block of the Ap compound action potential.
e.f. With stimulus intensities of 62 x and 83 x Aap threshold respectively there is 
complete block of the Aap compound action potential.
g. The block of the Aap compound action potential is reversible. This trace 
shows recovery of the Aap compound action potential in response to a stimulus 
of 13 x Aap threshold which immediately followed the previous blocking stimulus.
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Figure 3.5 Demonstration of complete block of the Aap compound 
action potential using a tripolar electrode arrangement, and the effect 
of pulse width.
The rat saphenous nerve was stimulated electrically using a tripolar electrode 
arrangement (+ - +) and the Aap compound action potential was recorded. 
The stimulus intensities used are given in terms of multiples of the Aap 
threshold and are displayed above each trace. Pulse widths ranged from 100 
ps to 2 ms exponential decay; sweep duration = 4.0 ms; conduction distance 
between most proximal anode and most distal recording electrode = 20 mm. 
Complete block of the Aap compound action potential could be achieved with 
all of the pulse widths tested as shown on the bottom row of traces. However, 
the longer the pulse width used the less voltage was required to produce 
complete block of the Aap compound action potential. For example, with a 
pulse width of 100 ps complete block of the Aap compound action potential 
was achieved at 55 x Aap threshold, whereas with a pulse width of 2 ms just 
17 x Aap threshold was required.
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3.3.2 Block of the A5-fibre compound action potential
Complete, reversible block of the A5-fibre compound action potential 
using electrical stimulation at a tripole was demonstrated in the rabbit 
saphenous nerve (Figure 3.6). With an exponentially decaying pulse of 
2ms, the intensities required to produce total A5-fibre conduction block of 
ranged from 5.5x to 21 .4x A8-threshold (n=3).
3.3.3 Block of the C-fibre compound action potential
Complete block of the C-fibre compound action potential of the rabbit 
saphenous nerve was demonstrated using a tripolar electrode 
arrangement (Figures 3.7 and 3.8). Using a wide range of pulse widths 
(exponentially decaying pulses with time constants ranging from 500ps to 
20ms) it was possible to produce partial or total block of the C-fibre 
compound action potential at its normal latency, but not without the 
complication of some delayed C-fibre activity (e.g. see Figure 3.7A). 
Using exponentially decaying pulses with time constants of up to 20ms 
this delayed C-fibre activity could not be blocked, and it actually 
increased with further increases in the stimulus intensity. The latency of 
this delayed C-fibre activity was related to the pulse width, suggesting
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Figure 3.6 Demonstration of complete block and recovery of the A5 
compound action potential using a tripolar electrode arrangement.
The rabbit saphenous nerve was stimulated electrically using a tripolar 
electrode arrangement (+ - +) and the A6 compound action potential was 
recorded. Pulse width = 2 ms exponential decay; sweep duration = 9.2 ms; 
conduction distance = between most proximal anode and most distal recording 
electrode 22.5 mm.
a. With a stimulus intensity of 5 x A6 threshold the Ad compound action 
potential is maximal.
b. Increasing the stimulus intensity to 7.8 x A6 threshold the A6 compound 
action potential is still maximal, but the Aap compound action potential is 
completely blocked.
c. Increasing the stimulus intensity further to 13.3 x A5 threshold results in 
partial block of the A5 compound action potential.
d. When the stimulus intensity is increased to 16.7 x A5 threshold there is 
complete block of the A5 compound action potential.
e. The block of the A5 compound action potential is reversible. This trace 
shows recovery of the A5 compound action potential in response to a stimulus 
of 2.9 x A5 threshold.
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Figure 3.7 Demonstration of complete block of the C compound action 
potential using a tripolar electrode arrangement, and the effect of pulse 
width.
The rabbit saphenous nerve was stimulated electrically using a tripolar electrode 
arrangement (+ - +) and the C compound action potential was recorded. The 
stimulus intensities used are given in terms of multiples of C threshold and are 
displayed alongside each trace. Two pulse widths (10 ms and 30 ms exponential 
decays) are compared; sweep duration = 200 ms; conduction distance between 
most proximal anode and most distal recording electrode = 25 mm.
A) With an exponentially decaying pulse of 10 ms, there is partial block of the C 
compound action potential at 30 x C threshold. The block is greater with a 
stimulus of 50 x C threshold, although some delayed C activity is present. When 
the stimulus intensity is increased to 100 x C threshold most of the C compound 
action potential is blocked at its original latency but there is increased delayed C 
activity.
B) With a longer exponentially decaying pulse (30 ms) complete block of the C 
compound action potential is achieved at 100 x C threshold and with this pulse 
width there is no delayed C activity.
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Figure 3.8 Demonstration of complete block and recovery of the C 
compound action potential using a tripolar electrode arrangement.
The rabbit saphenous nerve was stimulated electrically using a tripolar electrode 
arrangement (+ - +) and the C compound action potential was recorded. Pulse 
width = 30 ms exponential decay; sweep duration = 200 ms; conduction distance 
between most proximal anode and most distal recording electrode = 36 mm.
a. With a stimulus intensity of 6.7 x C threshold the C compound action potential 
is maximal.
b. Increasing the stimulus intensity to 33.3 x C threshold results in partial block of 
the C compound action potential.
c. The C compound action potential is completely blocked (with no delayed C 
activity) at 46.7 x C threshold.
d. When a stimulus of 6.7 x C threshold is given to the nerve there is some 
delayed C activity.
e. Seven minutes later the nerve has recovered and a stimulus of 6.7 x C 
threshold results in a maximal C compound action potential demonstrating that 
the total block of the C compound action potential is reversible.
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that it could be off-firing. By using longer pulse widths (exponential 
decays with time constants of 30ms or greater) it was possible to produce 
complete, reversible block of the C-fibre compound action potential 
without any delayed C-fibre activity (see Figures 3.7B and 3.8). Total 
block of the C-fibre compound action potential without any delayed C- 
fibre firing was achieved. With exponentially decaying pulses with a time 
constant of 30ms complete block of the C-fibre compound action 
potentials was produced at intensities of 47x and 90x C-threshold (n=2).
3.3.4 Block of single C-fibres in the rat saphenous nerve
In five experiments, fine filaments were dissected from the rat saphenous 
nerve and block of single C-fibres was studied. Such single unit work is of 
great importance because unlike compound action potentials the single 
unit spikes are all-or-none. Block visualised at the compound action 
potential level could be due to desynchronisation, however demonstration 
of block at the single unit level proves that true rather than artefactual 
block has occurred. Five single C-fibres were tested, and with some pulse 
widths it was possible to block the single C-fibre at its original latency 
although the unit fired at a delayed latency (see Figure 3.9A and 3.9B). 
However, by increasing the pulse width it was possible to produce total 
block of a single C-unit with no delayed firing even when the stimulus was 
increased to 160x C-unit threshold (see Figures 3.9C and 3.9D).
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Figure 3.9 Demonstration of complete block of a single C-fibre using a 
tripolar electrode arrangement, and the effect of pulse width.
The rat saphenous nerve was stimulated electrically using a tripolar electrode 
arrangement (+ - +) and a single C-fibre action potential was recorded from a 
fine filament. The stimulus intensities used are given in terms of multiples of 
the C-unit threshold and are displayed above each trace. Pulse widths ranged 
from 10 ms to 40 ms exponential decay; sweep durations = 100 ms or 200 ms; 
conduction distance between most proximal anode and most distal recording 
electrode = 24 mm.
A) With an exponentially decaying pulse of 10 ms it is possible to produce 
block of the C-fibre at its original latency but not without the unit firing at a 
delayed latency (18 x through to 120 x C-unit threshold).
B) With an exponentially decaying pulse of 20 ms it is possible to produce 
block of the C-fibre at its original latency and less voltage (14 x C-unit 
threshold) is required to do so compared to the 10 ms exponentially decaying 
pulse. However, when the unit is blocked at its original latency it always fires at 
a delayed latency (14 x up to 100 x C-unit threshold).
C) Increasing the pulse width to 30ms exponential decay abolishes the 
delayed firing of the C-fibre. The unit is blocked at 26 x threshold and remains 
blocked, with no delayed firing, up until 160 x threshold.
D) With a pulse width of 40ms exponential decay the C-fibre can be blocked 
without any delayed firing. Less voltage is required to produce block of the unit 
with a 40ms pulse (11 x threshold) than with a 30 ms pulse (26 x threshold).
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3.3.5 Stimulation of Aap-, AS.-and C-fibres through a blocking tripole
By placing a pair of stimulating electrodes on the other side of the 
blocking tripole from the recording electrodes (see Figure 3.2) it is 
possible to demonstrate complete block of nerve conduction at the tripole. 
In this manner complete reversible block of the Aap- and A8-fibre 
compound action potentials was demonstrated following single shocks to 
the whole nerve (Figure 3.10). This block lasted throughout trains of 
stimuli for 1 second at a frequency of 10Hz (Figure 3.11) and at a 
frequency of 50Hz (Figure 3.12). There seems to be some reduction in 
the degree of block of the Aap-fibres throughout the period of stimulation 
at 50Hz (Figure 3.12, 30V, compare first and last shocks in tetanus). 
However, by increasing the stimulus intensity it appears that the total 
block of Aap-fibres can last throughout a period of stimulation at 50Hz.
In figure 3.12d complete block of the Aap8 compound is seen in the first 
shock of the tetanus, but a compound action potential is seen in the last 
shock of the tetanus. This is the C-fibre compound action potential. In this 
experiment the C-compound maximum latency was 47.6ms over a 
conduction distance of 52mm, giving a conduction velocity of 1.1m/s. 
When the C-compound was stimulated at the blocking tripoles cathode 
the conduction distance was 38.5mm. Thus the C-compound would 
expect to be seen about 35ms after each stimulus. In figure 3.12 samples 
of 14ms tracings are displayed and therefore the C-compound was only 
seen from the third shock in the tetanus on.
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Figure 3.10 Electrical 
stimulation through a 
blocking tripole and 
demonstration of reversible 
block of the Aap and 5 
compound action potential.
The rabbit saphenous nerve 
was stimulated distally at an 
intensity that was maximal for 
the Aa(35 compound action 
potential. A tripolar electrode 
arrangements was placed on 
the nerve more proximally, and 
the A ap5 compound action 
potentials were recorded even 
further proximally (see Figure 
3.2). Pulse width at blocking 
tripole = 2 ms exponential 
decay; sweep duration = 14 
ms; conduction distance = 52 
mm from distal stimulating 
electrodes and 34 mm from 
blocking tripole.
2ms
a. Single A-max shock at distal stimulating electrodes and recording of maximal 
A ap5 compound action potentials.
b. Single A-max shock at distal stimulating electrodes and at the same time 20V 
to the tripole. Maximal A ap5 compound action potentials are recorded although 
at a shorter latency indicating that the effective stimulus is from the tripole.
c. Single A-max shock at distal stimulating electrodes. At the same time, a 
shock of 40V is given at the tripole and this results in block of the Aa compound 
action potential.
d. Single A-max shock at distal stimulating electrodes. At the same time, a 
shock of 60V is given at the tripole and this results in block of the Aap 
compound action potential.
e. Single A-max shock at distal stimulating electrodes. At the same time, a 
shock of 80V is given at the tripole and this results in partial block of the A5 
compound action potential.
f. When the stimulus at the tripole is increased to 100V there is complete block 
of the A ap5 compound action potentials.
g. The block of the A ap5 compound action potentials is reversible.
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Figure 3.11 Demonstration of Aap5 block throughout stimulation at 10Hz.
The rabbit saphenous nerve was stimulated at the distal electrodes at a strength 
that was maximal for Aap6 compound action potential and it was also stimulated 
at a tripole placed more proximally. Further proximally the Aap5 compound 
action potential was recorded (see Figure 3.2). Stimulus = 1 second @ 10Hz; 
pulse width at tripole = 2ms exponential decay; sweep duration = 14ms; 
conduction distance = 52mm from distal stimulating electrodes and 34mm from 
tripole.
The left hand column shows the stimulus intensity at the tripole, the middle 
column shows the recording from the first stimulus in the train and the right hand 
column shows the recording from the last stimulus in the train.
a. Single A-max shock at the distal stimulating electrodes and recording of a 
maximal Aap6 compound action potential.
b. When the nerve is also stimulated at the tripole with 30V there is partial block 
of the Aa compound action potential and this block lasts throughout the tetanus 
of 1 second @ 10 Hz.
c. When the stimulus strength at the tripole is increased to 60V there is 
complete block of the Aap compound action potential and this block lasts 
throughout the tetanus of 1 second @ 10 Hz.
d. When the stimulus at the tripole is set at 100V there is complete block of the 
Aap6 compound action potential and this block lasts throughout the tetanus of 1 
second @ 10 Hz.
e. The block of the Aap5 compound action potential is reversible.
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Figure 3.12 Demonstration of Aap5 block throughout stimulation at 50Hz.
The rabbit saphenous nerve was stimulated at the distal electrodes at a strength 
that was maximal for Aap5 compound action potential and it was also stimulated 
at a tripole placed more proximally. Further proximally the Aap5 compound action 
potential was recorded (see Figure 3.2). Stimulus = 1 second @ 50Hz; pulse 
width at tripole = 2ms exponential decay; sweep duration = 14ms; conduction 
distance = 52mm from distal stimulating electrodes and 34mm from tripole.
The left hand column shows the stimulus intensity at the tripole, the middle 
column shows the recording from the first stimulus in the train and the right hand 
column shows the recording from the last stimulus in the train.
a. Single A-max shock at the distal stimulating electrodes and recording of a 
maximal Aap5 compound action potential.
b. When the nerve is also stimulated at the tripole with 30V there is partial block 
of the Aa compound action potential. This block does not last throughout the 
tetanus of 1 second @ 50Hz.
c. When the stimulus strength at the tripole is increased to 60V there is complete 
block of the Aap compound action potential and this block lasts throughout the 
tetanus of 1 second @ 50 Hz.
d. When the stimulus at the tripole is set at 100V there is complete block of the 
Aap5 compound action potential in the first sweep of the tetanus. At this stimulus 
intensity C-fibres are activated and the C compound action potential is visible on 
the 3rd sweep and all subsequent sweeps in the tetanus.
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Using this arrangement of electrodes it was also possible to study block 
of C-fibre conduction at a blocking tripole. Figure 3.13 shows that with an 
exponentially decaying pulse with a time constant of 12ms and at an 
intensity of 40V much of the C-fibre compound action potential is blocked.
3.3.6 Demonstration of unidirectional action potentials
Unidirectional action potentials were demonstrated using the electrode 
configuration shown in Figure 3.14. When there are just 5mm between 
the anode and cathode of the tripole, all Aap- and A8-fibres are blocked 
with a stimulus intensity of 19x A5 threshold. However, at this same 
stimulus intensity, some A8-fibre activity can still conduct through the 
anode that is 10mm from the cathode (Figure 3.14B). Increasing the 
stimulus intensity further results in block of all Aap- and A8- fibre activity 
travelling in either direction from the cathode. In other words, there is a 
window when A8-fibres cannot conduct in one direction but can conduct 
in the other direction thereby demonstrating a unidirectional action 
potential.
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Figure 3.13 Electrical stimulation through a blocking tripole and 
demonstration of reversible block of the C compound action potential.
The rabbit saphenous nerve was stimulated distally at an intensity that was 
maximal for the C compound action potential. A tripolar electrode arrangements 
was placed on the nerve more proximally, and the C compound action potential 
was recorded even further proximally (see Figure 3.2). Pulse width at blocking 
tripole = 12 ms exponential decay; sweep duration = 100 ms; conduction 
distance = 52 mm from distal stimulating electrodes and 34 mm from blocking 
tripole.
a. Single C-max shock at distal stimulating electrodes and recording of maximal 
C compound action potential.
b. Single C-max shock at distal stimulating electrodes and at the same time 
10V to the tripole. A maximal C compound action potential is recorded although 
at a shorter latency indicating that the effective stimulus is from the tripole.
c. Single C-max shock at distal stimulating electrodes. At the same time, a 
shock of 30V is given at the tripole and this results in partial block of the C 
compound action potential.
d. Single C-max shock at distal stimulating electrodes. At the same time, a 
shock of 40V is given at the tripole and this results in most of the C compound 
action potential being blocked.
e. The block of the C compound action potential is reversible.
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Figure 3.14 Demonstration of unidirectional action potentials.
A. Schematic diagram showing the arrangement of stimulating and 
recording electrodes on the rabbit saphenous nerve, and the distances 
between them.
B. Recordings of Aap and 5 compound action potentials made from R1 and 
R2 recording electrodes respectively. Sweep duration = 14ms. When 
recording from R1 no Aap or 6 activity is seen when the stimulus intensity at 
the tripole is set at 19 x A6 threshold or above. However, some A-fibre 
activity can still be recorded at R2 at 19 x AS threshold. At 25.4 x A5 
threshold there is block of all Aap and 5 activity in both directions.
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3.4 Discussion
The main aim of these experiments was to establish that nerve block 
could be produced with a blocking tripolar electrode arrangement.
Reversible block of Aap-, A8 and C-fibre conduction was demonstrated 
using a tripolar blocking technique and exponentially decaying pulses. 
Single C-fibre experiments confirmed that complete conduction block can 
be achieved. For the stimulus intensities required to produce conduction 
block of the different fibre classes refer to Table 3.1.
Table 3.1: The range of stimulus intensities required to produce complete 
compound action potential block of the different nerve fibre classes using 
a tripolar electrode arrangement. Note that data are only included when 
the conduction block produced was complete and there was no activity at 
a delayed latency.
class exponential decay intensity range number
Aap-fibre 1ms 7.9 x to 66.7 x 10
compound AP Aap threshold
A8-fibre 2ms 5.5 x to 21.4 x 3
compound AP A5 threshold
C-fibre 30ms 47 x to 90 x C 2
compound AP threshold
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It was also demonstrated that it is not possible to send any action 
potentials through the area of block created by the tripolar arrangement of 
electrodes.
A virtual tripolar electrode arrangement has been described for magnetic 
stimulation (Roth el al., 1994) and thus magnetic nerve block similar to 
that described above for electrical nerve block is a theoretical possibility. 
However current magnetic stimulators can only activate Aap fibres at 5-7 
times threshold using pulse widths of <100ps (Ellaway et al., 1997). From 
the data for c-fibre block it can be seen that between 47-90 times C 
compound threshold at 30ms pulse width would be required to produce 
this block. In general C-fibre threshold is produced at 10 times the pulse 
width and 10 times the voltage of that required for Aap threshold. As can 
be seen from figure 2.11 in chapter 2 the Loughborough HPMS, which is 
the most powerful magnetic stimulator ever constructed, can induce 
about 4 times the voltage of the MagStim200 (i.e. >20 times Aap 
threshold) and pulse widths of over 500ps. This required capacitor bank 
energy of 45KJ. This is theoretically sufficient to stimulate c-fibres but 
would not be nearly strong enough to produce c-fibre block.
The figure of merit for magnetic stimulation is the square root of the 
energy stored in the capacitor bank (Roth et al., 1991). Assuming that c- 
fibre threshold could be produced with the Loughborough system charged 
to 45KJ, c compound block would require 47-90 times threshold. 
Assuming this figure was 50 times threshold the energy of the capacitor
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bank would have to be 50x50x45KJ = 112.5 x 106 J. Not only would it be 
technically difficult to build such a stimulator but it would take a very long 
time to charge. In addition the risk of coil explosion on discharge would 
be significant.
Even if it were possible to produce electromagnetic nerve block in a 
region it is possible that surrounding areas could be subthreshold for 
block but suprathreshold for stimulation. This could potentially stimulate 
sensory fibres causing pain. All the above factors mean that 
electromagnetic nerve block is probably not a practical proposition within 
the limits of current technology.
It was also demonstrated that unidirectional action potentials could be 
produced with an asymmetric tripolar arrangement. However the energy 
requirements to produce this would again be so large as to be impractical 
from a technical and clinical perspective.
Thus of the mechanisms of electrical nerve block outlined in section
1.4.1.6 the first two namely initiation of unidirectional action potentials 
resulting in collision block and tripolar hyperpolarisation block are not 
feasible for producing electromagnetic nerve block as outlined above.
The last two mechanisms, depolarisation/refractory period block and 
conduction slowing of A8 and C-fibres during prolonged stimulation would 
not be practical solutions on their own as without another form of nerve 
block in place these would be painful.
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In summary although electrical nerve block is achievable, magnetic nerve 
block/anaesthesia is not a practical possibility within existing 
technological and clinical constraints.
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Chapter 4: Methods for recording 
ureteric peristalsis.
4.1 Introduction:
Prior to undertaking experiments to examine whether magnetic 
stimulation can stimulate ureteric peristalsis a method for recording 
peristalsis had to be devised.
Ideally a method for monitoring ureteric peristalsis should be able to 
record a variety of parameters including frequency, propagation velocity 
and direction of propagation, ureteric EMG and intra-luminal pressure. It 
should also be non-invasive so as not to disturb normal peristaltic 
function.
Several methods can be used to monitor peristalsis including, contrast x- 
ray screening, dynamic scintigraphy (Lewis et al., 1989), doppler 
ultrasound (Patel & Kellett, 1996), endoluminal ultrasound (Roshani et al., 
2000), EMG electrodes (Roshani et al., 1999), or pressure transducers 
(Ulmsten & Diehl, 1975;Ross et al., 1972). The first four methods can 
only give an indication of peristaltic frequency. The latter two methods 
involve specially made devices that can provide more detailed information 
about ureteric peristalsis, but are invasive and are not commercially 
available.
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In the in-vitro setting smooth muscle contraction and its response to a 
variety of electrical and pharmacological stimuli can be measured in a 
tissue perfusion organ bath, with the ureteric samples attached to a strain 
gauge. Both whole ureter mounts (Deane, 1969) and small muscle strips 
(Vereecken & Das, 1986) have been studied in this setting. However it 
would be difficult to use this set-up to explore an intact ureter-pelvis- 
calyceal model in humans or large mammals such as the pig. In addition 
this would be highly invasive, disrupting the normal nerve supply and flow 
along the ureter adding further variables to an already unpredictable 
system.
It was considered that of the external methods for monitoring peristalsis 
x-ray screening offered the best mechanism for non-invasive 
assessment.
Magnetic stimulation causes huge stimulus artefacts which would make 
recording action potentials/EMG’s very difficult. Therefore recording 
ureteric EMG was excluded on this basis alone.
This left intra-luminal ureteric catheters. These have previously been 
used with success (Ulmsten, 1975;Ross et a/., 1972), but there have 
been various problems reported by these authors with the system of 
using a system of fluid columns and external pressure transducers,
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including bubble trapping in the lines and the end of the catheters 
becoming blocked by ureteric mucosa.
It was therefore decided to develop the electronic ureteric catheter 
system described below and demonstrate its ability to record peristalsis in 
both pigs and humans. The information from this study was then used to 
assess what measures of peristalsis would be useful in establishing that 
‘stimulated’ peristalsis had occurred in magnetic stimulation experiments.
4.2. A novel ureteric pressure transducer catheter
An ambulatory urodynamic monitoring system (MPR/2 recorder, Gaeltec 
Ltd., Dunvegan, Isle of Skye, UK) was adapted to record the output from 
two pressure transducers housed within sensing diaphragms, mounted 
on a 4Ch silicone rubber catheter (figure 4.1). One transducer is sited at 
the tip and one 10cm distal. This catheter can be connected to a recorder 
(Gaeltec MPR/2) and up to 24hours of peristaltic data stored. This can 
then be downloaded to a computer and analysed with software provided 
by the manufacturer. Alternatively the recording can be visualised real­
time on a laptop (Figure 4.2). The two transducers allow intraureteric 
pressure, conduction velocity, frequency and direction of peristalsis to be 
measured.
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Figure 4.1: Outline diagram of the intraureteric pressure catheter.
110 cm
Hr \ *
K— —H
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7 /
Figure 4.2: Ureteric catheter connected to recorder and laptop 
computer
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4.2.1 Recording peristalsis in-vivo
The ability of this system to record peristalsis was initially examined in a 
pig model, prior to trials in humans. A preliminary report of this system 
has been presented (Young et al., 2001 ;Young et al., 2003).
4.2.1.1 Methods
Six large white female pigs (weight 42-48kg) were studied. Premedication 
of Zoletil 100 3mls was administered. General anaesthesia was induced 
with 5% halothane and maintained with 1% halothane and a mixture of 
50% N2O and 50% 02. An intravenous infusion of 0.9% saline solution 
was given at 100mls/hr to maintain a constant state of hydration. The 
pigs’ body temperature was maintained close to 37°C using a heated 
under-blanket controlled by a rectal thermistor. The pigs were positioned 
supine and the ureteric catheter was inserted into the left ureteric orifice 
via a lower midline abdominal incision and cystotomy (figure 4.3). The 
catheter was advanced until the tip transducer was a 2-3 cm from the 
Pelviureteric junction (PUJ). The lower end of the catheter was secured to 
the lateral pelvic wall with a suture to prevent movement. This 
arrangement allowed urine to pass freely as the catheter was not secured 
to the ureter. The bladder was left open ensuring free drainage of urine 
and low pressure. The preparation was allowed to settle for 5-10 minutes 
prior to recording peristalsis. The data obtained was analysed using 
software provided by the manufacturer.
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Figure 4.3 Diagrammatic representation of the 
ureteric pressure transducer catheter (C) in situ. The 
tip transducer P1 is located 3cm from the PUJ. P2 is 
the second transducer which is located 10cm distal to 
P1. An outline of the figure of 8 coil from the Digitimer 
HPMS is shown overlying the kidney with the polarity 
positive medial in this example. The ureteric 
transducer catheter passes along the ureter and is 
connected to the Gaeltec recorder. Not to scale
To recorder
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These experiments were carried out in accordance with the current UK 
legislation, Animals (Scientific Procedures) Act, 1986.
It would be unethical to instrument the normal human ureter, unless this 
was due to occur in any case. Therefore after approval of the protocol by 
the local and regional ethics committees, six patients (five male and one 
female) who had undergone ureteroscopy +/- lithotripsy/stone removal, 
had the pressure transducer catheter inserted at the end of the procedure 
via a peel away ureteric access sheath. The copies of the consent forms 
used and the ethical committee approval can be found in appendix 3. All 
patients had an agreed anaesthetic regimen consisting of propofol +/- 
fentanyl. No muscle relaxants were used and opiate rather than non­
steroidal analgesia was used. An intravenous infusion of 0.9% saline 
solution was given at 100mls/hr to maintain a constant state of hydration 
and body temperature was maintained close to 37°C using a Bair 
Hugger® blanket (Actamed Ltd. Wakefield, West Yorkshire, UK).
The peel away sheath (Cook Urological Inc., Spencer, Indiana, USA) was 
12F and 32cm long, it is essentially a hollow tube with a tapered end and 
a strip running the length of the sheath that can be peeled away when 
required. The steps of pressure transducer catheter insertion consisted of 
placing a guidewire into the ureter and then feeding the peel away sheath 
along the wire until the bevelled end was in the distal third of the ureter. 
The guidewire was then removed and the pressure transducer catheter 
inserted into the ureter along the sheath. The final position was confirmed
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with intraoperative x-ray screening. The sheath was then peeled away, 
leaving only the pressure transducer catheter in the ureter.
The bladder was then catheterized with a 14Ch Foley catheter and left to 
drain freely. The pressure transducer catheter was secured with silk 
sutures to the side of the urethral catheter. A post-operative KUB x-ray 
the morning after surgery (to check for residual stone burden) confirmed 
that the catheter remained in position. Recovery of peristalsis and effects 
of analgesia were monitored for up to 24 hours post-operatively.
4.2.1.2 Results
In the pig studies confirmation of peristalsis was observed visually and 
was seen to correspond with the increase in intra-luminal pressure 
recorded by the intra-ureteric pressure transducers.
The previously un-instrumented pig ureters all showed spontaneous 
peristalsis immediately upon catheter insertion. An average baseline 
peristaltic rate of 4/minute (range 2-10/minute) was observed. The 
frequency of peristaltic waves was not constant and the interval between 
waves varied from 6-29 seconds. Peristalsis generally progressed in an 
antegrade fashion with the rise in intra-luminal pressure initially detected 
in the tip transducer (P1) situated 2-3cm from the PUJ, followed by an 
increase in intra-luminal pressure at the second transducer (P2) a few 
seconds later. A typical pressure profile is shown in figure 4.4.
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Figure 4.4. An example of the ureteric recording from the pig experiments. 
The top tracing represents the P1 transducer in the upper ureter and the 
lower tracing the P2 transducer in the mid-distal ureter. Each division on the 
Y axis represents 10cm H20 .
T ire period 8 hours
Figure 4.5: Ureteric response after 10 weeks of JJ stenting and 
ureteroscopy/basket extraction.
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Occasionally a retrograde peristaltic wave occurred which was first 
detected in the distal transducer (P2) propagating towards the proximal 
transducer (P1). The conduction velocity of the peristaltic waves 
averaged 1.2 cm/sec (range 1.1-1.3 cm/sec). The average intra-ureteric 
pressure was lower at the proximal transducer (P1) located in the upper 
ureter compared to the distal transducer (P2) in the mid ureter. (See 
Table 4.1).
Table 4.1: Mean ureterodynamic parameters.
P1 and P2 give the intraureteric pressures from the tip and proximal 
transducers respectively.
Pigs (n=6) Humans (n=3)
Peristaltic interval (sec) 16 (5.5-29) 24 (14-30)
Conduction velocity (cm/sec) 1.2 (1.1 -1.3) 2.4 (1.7-2.9)
Intraureteric pressure P1 17.8(6-25) 11(8-16)
(cm H20)
P2 28.8(14-51) 21 (18-24)
In the human studies the instrumented ureter displayed a variable 
response that appeared to be related to previous physical or 
pharmacological effects. Five subjects showed peristalsis on catheter 
insertion. However by 18 hours post procedure two of these had no 
peristalsis. One of these patients had previously had a JJ stent in situ 
(figure 4.5) and the other had been given diclofenac for post operative 
analgesia (figure 4.6). The sixth patient had been given a diclofenac 
suppository at induction of anaesthesia and had no peristalsis at all
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during the recording. Excluding these three patients the average baseline 
peristaltic rate was 2/minute (range 2-4/minute). The frequency of 
peristalsis was not constant, the interval between waves varying from 14- 
30 seconds. No retrograde peristalsis was observed. The conduction 
velocity averaged 2.4cm/sec (range 1.7-2.9cm/sec) and as in the pig 
experiments the average intra-ureteric pressure was lower at the proximal 
transducer (P1) compared to the distal transducer (P2) (table 4.1).
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Figure 4.6: Effect of diclofenac on peristalsis.
Pre diclofenac, 
regular strong 
peristaltic waves, 
the patient was 
complaining of 
severe renal colic 
at this point.
B
20 minutes post 
diclofenac, 
peristaltic rate 
slowing
40 minutes post 
diclofenac, 
peristalsis almost 
absent, now 
virtually pain free
2 hours post 
diclofenac, no 
peristalsis at all
pre diclofenac
5 .0  30
Time period 5 minutes
20 minutes post diclofenac
5 .P  30
o 20
Time period 5 minutes
40 minutes post diclofenac
cLO 30
o 20
Time period 5 minutes
2 hours post diclofenac
Time period 5 minutes
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4.2.1.3 Conclusion
The modified ambulatory urodynamic system described above was able 
to repeatedly and reliably record peristalsis in-vivo in pigs and humans. It 
proved reliable and easy to use. Data could be continuously acquired 
over prolonged periods of time if required. The transducer catheter was 
easy to insert and no technical difficulties were experienced during the 
insertion process.
Diclofenac has been shown to abolish peristalsis in human isolated 
ureteric smooth muscle strips, due to it action of inhibiting prostaglandin 
synthesis (Cole et al., 1988). Prostaglandins have been shown to cause a 
small depolarisation of the ureteric smooth muscle cell membrane. This 
results in increased contractile activity of ureteric smooth muscle (Cole et 
al., 1988), inhibition of prostaglandin synthesis has the opposite effect.
A reduced rate of peristalsis after diclofenac administration has also been 
reported in-vivo in humans using non-invasive techniques (Brough et al., 
1998).
The present study contributes further in-vivo evidence of the inhibitory 
effect of diclofenac on ureteric peristalsis in humans.
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4.3. Back up hydrostatic ureteric catheters
During test magnetic stimulation, the transducer ureteric catheters were 
placed in a saline tank and exposed to the maximum output from the 
Digitimer HPMS. Although this had no adverse effects on the catheters, 
the effects of the high intensity magnetic field produced by the 
Loughborough device on the recording equipment described above was 
not known. Therefore a back up hydrostatic catheter system was 
developed. This consisted of a 75cm long catheter with and external 
diameter of 6mm. This was filled with saline which was connected to an 
external pressure transducer (Gaeltec limited, Dunvegan, Isle of Skye) 
via a 3-way tap. This was connected to the Gaeltec recorder and 
peristalsis could be viewed real-time on a laptop computer.
4.4 Discussion
An ideal method for recording upper urinary tract ‘ureterodynamics’ would 
be one that was widely available and non-invasive, allowing function to be 
studied in vivo. It would also be able to monitor several different 
parameters such as intraluminal pressure, peristaltic frequency, 
conduction velocity, EMG and impedance.
None of the previously reported methods (Lewis et al 1989, Patel &
Kellett 1996, Roshani et al 1999 and 2000, Ross et al 1972, Ulmsten & 
Deihl 1975, Venkatesh et al 2005) fulfil all of these requirements.
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Intraluminal catheters have previously been used with success (Ross et 
al 1972, Ulmsten & Deihl 1975), but there have been various problems 
reported by these authors with the system of using fluid columns and 
external pressure transducers, including bubble-trapping in the lines and 
the ends of the catheters becoming blocked by ureteric mucosa. The 
major drawback of intraluminal devices is that instrumentation of the 
ureter disrupts normal peristaltic activity and the catheter itself partially 
obstructs the ureter hence ‘normal’ peristalsis cannot be studied (Ramsay 
et al 1985). The response to diuresis is also altered. The ureter usually 
copes with increasing urine volumes by increasing peristaltic frequency. 
After this further increases in urine flow are achieved by increase in bolus 
volume until several boluses coalesce to form a fluid filled column 
(Morales et al 1952, Constantinou et al 1974).
Previous studies have shown that at placing a stent in the ureter causes a 
rise in intra renal pressure which increases with diuresis (Ramsay et al 
1985). This pressure change can be reduced by ensuring the bladder is 
drained as was the case in these experiments.
In this series of experiments only the ureter under study had a ureteric 
pressure transducer catheter sited, the contralateral ureter was left un­
instrumented. It might be argued that measurement of peristaltic activity 
in both ureters would have given greater insight into whether the inter- 
ureteric variation in peristalsis was variation between animals or between 
different ureteric physiology in the same animal. However this was
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primarily a study exploring a method for recording peristalsis, and not a 
study exploring the effects of partially obstructing both ureters at the 
same time with pressure transducer catheters. In the experiments in the 
next chapter each ureter acts as its own control by monitoring baseline 
peristalsis before and after interventions thus providing information about 
the effect of the intervention.
One of the main aims of this thesis is to explore whether magnetic 
stimulation can produce ureteric peristalsis, and this must be 
distinguished from spontaneous peristalsis.
Peristalsis is initiated in the pacemaker cells in the calyceal area (Dixon & 
Gosling, 1973;Longrigg, 1975) and propagates towards the pelviureteric 
junction (PUJ). On reaching the PUJ it may be blocked or propagate 
down the ureter (Morita et a/., 1981). This has two main implications for 
this study. Firstly not every stimulated calyceal/pelvic contraction will 
necessarily produce peristalsis. Secondly when peristalsis does occur it 
may take several seconds for it to reach the recording transducer in the 
ureter. When there is absent or infrequent spontaneous ureteric 
peristalsis, this conduction delay is not a problem, but when peristalsis is 
very frequent it would be impossible on the basis of conduction delay 
alone to determine if peristalsis has been magnetically stimulated.
Matters are further complicated by the state of polarisation of the 
pacemaker cells, in the upper renal tract. The cells are atypical smooth
127
muscle cells which undergo spontaneous depolarisation and the stage of 
polarisation will in part determine if a threshold magnetic stimulus is 
successful in producing peristalsis.
Therefore there are 3 potential parameters which would be of value in 
assessing whether peristalsis has been stimulated or was spontaneous:
1) Peristaltic rate before and during intervention.
2) Time from stimulus to peristalsis (conduction delay)
3) Time from previous peristalsis to stimulus
No difference in peristaltic rate before and during the intervention would 
therefore imply that stimulation of peristalsis could not be proven and 
spontaneous peristalsis only would have to be assumed. However if there 
was a consistent conduction delay from stimulus to peristalsis (especially 
in the presence of a variable time from previous peristalsis to stimulus), 
that would imply that peristalsis had been stimulated.
The problem of spontaneous contraction is overcome in electrical 
stimulation ‘organ bath’ experiments by driving the smooth muscle faster 
than the spontaneous contraction rate. However it is not possible to use 
such high frequencies with powerful magnetic stimulators.
Therefore the three parameters listed above will be used in the results 
section of the experiments in the next chapter as any of them may prove 
important in interpreting the potentially complex peristaltic traces.
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Chapter 5: Magnetic stimulation of 
unmyelinated nerves in the upper renal 
tract
5.1 Introduction:
The aim of these experiments was to establish whether magnetic 
stimulation of the kidney could produce ureteric peristalsis. This 
hypothesis was tested with the kidney in 3 different states of exposure:
1) Body surface magnetic stimulation
2) Exposed unmobilised kidney.
3) Exteriorised kidney.
5.2 Magnetic stimulation of the upper renal tract
The following series of experiments describe the varying states of 
exposure of the kidney which progressively reduce the effect of external 
influences such as intra-abdominal pressure and central neural influences 
which may have an effect on peristalsis. This allows the underlying 
mechanism of magnetic stimulation of the kidney to be isolated. The 
Digitimer HPMS was used in all the forgoing experiments, but because of
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coil size the Loughborough HPMS could only be used in the ‘body 
surface’ and ‘exteriorised’ preparations.
5.3 Methods: 
5.3.1 Anaesthesia and surgery
21 large white female pigs (25-60kg) were studied in total. General 
anaesthesia was administered as described in section 4.2.1.1. A variety 
of experimental protocols were then followed as detailed below.
5.3.2 Recording ureteric peristalsis
Peristalsis was recorded with two methods. Firstly with x-ray screening 
following the administration of 50mls of Ornnipaquetm and secondly with 
the intraureteric pressure catheter system described in section 4.2. In 
some experiments a catheter with a single transducer at the tip was used. 
Peristalsis could be viewed real time with the fluoroscopy or transducer 
system.
The catheters were inserted as described in section 4.2.1.1. The 
peristaltic rate was allowed to settle for 5-10 minutes following catheter 
insertion prior to undertaking one of the following experimental protocols:
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5.3.3 Body surface magnetic stimulation
The aim of these experiments was examine the effect of magnetic 
stimulation with the kidney intact in-situ, similar to a potential clinical 
setting.
In 2 experiments, with the pig prone in a specially made sling, the 
Digitimer figure-of-8 HPMS coil was placed over the loin in order to 
stimulate the kidney (figure 5.1 A). 50mls IV contrast (Omnipaque 350) 
was administered over one minute, the position of the coil was confirmed 
with x-ray screening and the baseline peristaltic rate was recorded. 
Magnetic stimulation with the Digitimer HPMS output set at 100% was 
then undertaken and the response recorded.
In one experiment a midline laparotomy and cystotomy were performed. 
The dual sensor ureteric catheter was inserted into the left ureter so that 
the tip transducer was positioned in the renal pelvis, with the second 
transducer 7-8cm from the PUJ. This arrangement allowed both intra 
pelvic and ureteric pressures to be monitored. The abdomen was closed 
and surface stimulation undertaken after recording the baseline peristaltic 
rate.
In 3 experiments the Loughborough HPMS figure-of-8 coil was placed 
with its centre directly under the kidney under study, with the pig lying on 
top of the coil (figure 5.1 B) Peristalsis was monitored with the ureteric 
pressure transducer catheters, however on occasion a back up system
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Figure of 8 coil
Kidney & ureter
Figure 5.1. Surface magnetic stimulation of the pig kidney in vivo.
A: Position of the Digitimer HPMS figure of 8 coil.
B: The pig is positioned supine with the Loughborough figure of 8 coil 
beneath, centred on the left kidney
Loughborough HPMS 
figure of 8 coil
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consisting of external pressure transducers connected to the Gaeltec 
MPR/2 recorder and to the ureter via a 6F ureteric catheter with a 3-way 
tap was used (see section 4.3). This was because in some experiments 
the induced electric field was of sufficient magnitude to break the 
electronic circuitry in the ureteric catheter/transducer system.
In theory skeletal muscle contraction around the kidney could apply 
pressure to the collecting system and produce peristalsis via a 
mechanical rather than electrical means. Previous studies have shown 
that magnetic stimulation (Ellaway et al., 1997) activates nerve fibres 
rather than skeletal muscle cells directly, so neuromuscular blockade 
should prevent muscular contraction leaving the neural influence to be 
studied in isolation.
To investigate this, in 2 experiments where peristalsis appeared to result 
form magnetic stimulation, a neuromuscular blocking agent, vecuronium 
10mg IV, was administered. Following this, stimulation with the 
Loughborough stimulator was repeated.
Following these experiments the depth of the kidney from the skin surface 
was measured with an ultrasound scan.
5.3.4 Magnetic Stimulation of Exposed Unmobilised Kidney
The strength of the induced electric field falls off with distance from the 
surface of the coil (Barker, 1999). The strength of magnetic stimulus can
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hence be increased by either increasing the stored energy (see section 
2.1.1) or by moving the coil closer to the target organ.
In 7 experiments, the ureteric catheters were inserted along the ureter as 
described in 4.2.1.1. The coil was then placed approximately 1cm anterior 
to the kidney, ensuring that it was not in direct contact with the renal 
surface. Using the Digitimer HPMS and a standard figure of 8 coil, 
magnetic stimulation at various intensities and pulse widths was then 
performed, and peristalsis recorded with the Gaeltec system.
5.3.5 Magnetic Stimulation of Exposed Unmobilised Kidney after 
intra pelvic injection of iignocaine.
Local anaesthetic agents prevent neural transmission by blocking sodium 
channels in the nerve membrane. Spontaneous peristalsis has been 
shown to be unaffected in the isolated pyeloureteral tract by sodium 
channel blockade, but peristalsis generated by electrical stimulation of 
ureteral nerves is abolished by it (Teele & Lang, 1998).
Hence in order to confirm that magnetic stimulation was generating 
peristalsis by activating ureteral nerves rather than smooth muscle cells 
directly, four experiments were undertaken where 20mls of 2% Iignocaine 
was injected into the renal pelvis over a 2 minute period via an 18 gauge 
needle. This is the same rate of infusion used for a Whitaker test 
(Whitaker, 1979). The Whitaker test is a pressure flow study of the upper
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urinary tract involving percutaneous needle puncture of the kidney and 
filling of the pelvicalyceal system at a constant rate with monitoring of the 
intrapelvic pressure.
The preparation was then allowed to settle for 5-10 minutes prior to 
magnetic stimulation being undertaken. In the first 3 experiments 
magnetic stimulation prior to injection of Iignocaine was undertaken to 
confirm that peristalsis could be produced. In the 4th experiment there 
was no magnetic stimulation prior to local anaesthetic administration.
5.3.6 Magnetic Stimulation of Exteriorised Kidney
Transplantation of the kidney from the animal into an adjacent organ bath 
would both isolate the kidney from any skeletal muscle contraction and 
any central neural influence. Therefore in 6 experiments an in-vitro whole 
organ preparation was studied. Initially the external iliac artery and vein 
were dissected, cannulated with 1m long 14F sterile tubing and IV 
heparin was administered. The renal artery followed by the vein was 
cannulated with the free ends of the tubing resulting in less than 30 
seconds of warm ischaemic time to the kidney. The kidney and ureter 
were then dissected free and placed in an organ bath containing Krebs 
solution, aerated with 95%02/5%C02 and maintained at 37-38° C and a 
pH of 7.3-7.4. The kidney was positioned centrally on the floor of the 
organ bath so that it was approximately 3mm from the surface of the 
magnetic stimulator coils, which were placed beneath the tank. In-vitro
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experiments have shown that when placed in the centre of a tank, the 
potential effects of the edges are minimal on the organ under study 
(Maccabee et al 1991)
The ureteric pressure catheter was then inserted so that the tip was a few 
cm from the PUJ. The lower end of the catheter was secured to the outer 
wall of the distal ureter with a fine suture in such a way that the ureter 
was not obstructed. Stimulation with both the Digitimer and 
Loughborough devices was then undertaken.
Stimulation protocol with the Digitimer HPMS: A standard figure-of-8 
coil was placed directly over, but not in contact with the kidney and 
stimulation undertaken at a variety of intensities.
Stimulation protocol with the Loughborough HPMS: The
Loughborough stimulation coil was built into the table with an organ bath 
placed on top (figure 5.2). Single stimuli at various powers were then 
undertaken.
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Figure 5.2. The Loughborough figure of 8 coil (C) is held in a wooden 
frame and covered in a plastic sheet. The coil is supported by tables on 
either side allowing the wires (W) from the capacitor bank to be connected 
underneath. In this photograph devices for measuring the induced 
magnetic and electric fields are shown on top of the coil. In the experiment 
the organ bath would be placed over the figure of 8 coil with the 
exteriorised kidney positioned to be in the centre of the two coils making 
up the 8 shape.
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5.4 Results
5.4.1 External Magnetic Stimulation:
5.4.1.1 Stimulation with the Digitimer HPMS:
The results of the two non-invasive experiments where peristalsis was 
monitored with x-ray screening are shown in table 5.1 below. It can be 
seen from this that surface magnetic stimulation had no significant effect 
on the peristaltic rate.
Table 5.1: Body surface magnetic stimulation with the Digitimer 
HPMS. Experiments 1 and 2 are the contrast x-ray screening studies 
and experiment 3 the ureteric catheter study.
Experiment number 1 2 3
Av. initial IPG (seconds) 15 21 14
range 14-17 18-24 13-15
number 10 8 16
Coil Polarity (+ or -  Lateral) + - + - + -
Av. IPG during MS (seconds) 18 16 20 23 17 15
range 16-19 15-18 18-22 19-24 14-23 11-23
number 5 7 4 5 5 9
140
This result was also confirmed in experiment 3 (see table 5.1), where the 
ureteric catheters showed no significant increase in peristaltic rate with 
surface magnetic stimulation.
The pressure transducer recordings also indicated that magnetic 
stimulation of the posterior abdominal wall did not cause a rise in either 
intra-pelvic or intra-ureteric pressure.
The depth of the kidneys was found to be between 5 and 6cm from the 
skin surface.
5.4.1.2 Stimulation with the Loughborough HPMS
Magnetic stimulation caused the animal to move several inches off the 
table due to strong contraction of abdominal skeletal muscles. Although 
this was lessened by neuromuscular blockade and restraints there was 
still considerable movement with stimulation. In the first experiment 
stimulation with the Loughborough device caused the ureteric recording 
system to crash. This was subsequently prevented by placing a switch 
between the cables from the catheters and the recording box. However 
following this the transducers themselves failed as stimulation occurred 
and therefore no results were available from the first experiment. 
Consequently the back up hydrostatic catheter system as described in 
section 4.3 was used in some experiments. Although the hydrostatic 
system was unaffected by the induced electric field from the
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Loughborough stimulator, it was affected by the sudden movement that 
followed stimulation. In addition the tip of the catheter would block 
intermittently with ureteric mucosa. This meant that the catheter had to be 
repositioned/flushed whenever this occurred. It was also found that 
withdrawing the Gaeltec catheter several centimeters so that the tip 
transducer was in the mid/lower 1/3 of the ureter (and thus not in the 
strongest part of the magnetic field) prevented the transducers being 
destroyed.
The results of the next 3 experiments are shown in table 5.2. In the first 
the Loughborough stimulator exploded after a 15KV stimulus and had to 
be rebuilt. However no peristalsis followed this stimulus. In the other 2 
experiments it appeared that firing the Loughborough device at a range of 
voltages from 4Kv -  12.5Kv resulted in peristalsis. However after 
administration of a neuromuscular blocking agent, this response was 
blocked, indicating the peristalsis had resulted from mechanical 
movement rather than stimulation of unmyelinated renal nerves (figure 
5.3).
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Table 5.2: Body surface magnetic stimulation with the 
Loughborough HPMS
Experiment number 1 (Pig 19) 2 (Pig 6) 3 (Pig 20)
Capacitor voltage (KV) 15 4 4 5 7 10 10 10 4 x 1  OKv
Conduction distance (cm) 5 5 7
Stimulus to peristalsis 
delay (seconds)
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8 17 - - - - 4 -
+/- Neuromuscular 
blockade - - + + + + - +
Comment
No spontaneous 
peristalsis
No
spontaneous
peristalsis
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Figure 5.3: Surface magnetic stimulation of the kidney with the 
Loughborough HPMS;
A) The marker channel shows when 10kV stimulus was fired with a 
peristaltic wave occurring within 4 seconds of the stimulus.
B) Neuromuscular blocking drugs have been administered. The marker 
channel shows 2 further 10kV stimuli with no peristaltic response.
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5.4.2 Magnetic Stimulation of Exposed Unmobilised Kidney:
5.4.2.1 Stimulation with the Digitimer HPMS
Ureteric peristalsis was consistently produced with the DHPMS set at 
100% output in all experiments. The threshold (magnetic stimulator 
output at which peristalsis was achieved at least 50% of the time) for 
peristalsis varied from 50-100% of HPMS output between experiments. 
Table 5.3 lists the details of each experiment and figure 5.4 illustrates an 
example of the ureteric recordings.
The optimum polarity for stimulating peristalsis was positive in 3 
experiments (numbers 1, 2 and 5 in table 5.3); negative in 3 experiments 
(numbers 3, 4, and 6 in table 5.3) and both were equivalent in one 
experiment. The experiment where both polarities were able to stimulate 
peristalsis showed a shortening of conduction delay by 5 seconds when 
the polarity was reversed (see table 5.3 experiment 7 and figure 5.4).
Magnetic stimulation decreased the interperistaltic gap by 31% to >100%, 
between experiments. The time from previous peristalsis to magnetic 
stimulation was variable which was mainly due to erratic/irregular 
peristalsis. Where there was regular peristalsis the stimulus was given as 
a peristaltic wave was seen to occur. This was done so that the state of 
upper tract repolarisation would be similar when comparing the effects of 
different stimuli strengths/coil polarities/pulse widths etc.
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Table 5.3: Response of the unmobilised kidney to magnetic stimulation with the DHPMS.
Experiment number 1 (pig 14) 2 (pig 15) 3 (pig 17) 4 (pig3) 5 (pig 4) 6 (pig 12) 7 (pig 19)
Conduction distance (cm) 7 4 6 8 1 3 15
Av. initial spontaneous IPG 61 s 35 s 210 s 177 s 34 s 21 s No spontaneous
Range 29-97 28-50 126-294 98-402 28-45 18-24 peristalsis
Number 9 6 2* 5 5 5
Coil Polarity (+ or -  Lateral) + - + - + - + - + - + - + -
Threshold (% DPHMS output) 100 100 100 50 75 75 100 100 100 100
Av. IPG during MS 37 s 58 s 24 s 54 s 48 s 23 s 67 s 12 s 18 s 25 s
Range 34-41 41-72 14-34 35-89 14-122 6-57 22-141 11-13 18 20-29
Number 3 6 6 5 12 15 6 6 1 3
Av. time from peristalsis to MS 5 s 29 s 18s £XA aXA 33 s aXA 27 s 22 s 54 s** XA 2 s N/A N/A
Range 4-6 5-61 11-24 a a 13-72 a -7-103 4-55 4-127 a 1-4
Number 4 7 7 o o 6 o 13 16 17 O 7
Av. time from MS to peristalsis. 32 s 29 s 7s A * 22 s A-i 21 s 2 s 32 s A h 10 s 18s 23 s
Range 28-37 6-53 2-16 17-25 10-27 2-3 2-82 7-11 17-19 20-26
Number 4 7 7 6 13 16 17 7 2 4
Decrease in IPG over baseline 48% 5% 31% 74% 73% 35% -97% 43% >100% >100%
Spontaneous IPG post MS 39 s 17 s 24 s 41 s 26 s 15 s No spontaneous
Range 26-50 11-27 23-26 24-60 18-40 13-17 peristalsis
Number 6 5 2 5 3 4
See text for explanation.
*Only 2 peristaltic waves occurred in a recording period of over 8 minutes.
** There was no response to magnetic stimulation, hence many more stimuli administered than peristaltic waves recorded. 
Abbreviations: ‘IPG’ -  inter peristaltic gap, ‘s’ seconds, ‘Av.’ average
Figure 5.4: Magnetic stimulation of the exposed unmobilised kidney
 Marker Channel Intraureteric pressure recording
60
Time period 80 secs
A : With polarity + medial the marker channel shows that 2 magnetic 
stimuli were given at 0.5 Hz. Conduction delays are 20,26 and 25seconds.
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B: The polarity has been reversed. The conduction delays are now 17 
and 19 seconds respectively
The time from magnetic stimulus to peristalsis for successful stimuli was 
repeatable to within a few seconds of each other. In experiments where 
the polarity for stimulation was ineffective the time from magnetic 
stimulation to peristalsis was very variable i.e. there was not a repeatable 
conduction delay from stimulus to detection of peristalsis.
Post magnetic stimulation the background rate in peristalsis was found to 
be between 28% to >100% more frequent for up to 4 minutes after 
stimulation had finished.
Although the conduction delay generally increased as the conduction 
distance increased, this was not in a linear fashion as is seen in 
peripheral nerve conduction times.
The conduction velocity of the peristaltic wave along the ureter was only 
available for 4 of the experiments (see table 5.4). In the other 3 
experiments ureteric recording catheters with only one transducer were 
used, hence no conduction velocity was available for them. Once the time 
taken for the peristaltic wave to propagate along the ureter was known, 
the time taken for the intra renal section of the conduction delay could be 
calculated (see table 5.4)
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Table 5.4: Conduction velocity and calculated intra renal and 
ureteric conduction times from the unmobilised magnetic 
stimulation experiments.
Experiment number 2 3 4 5
Stimulus polarity + Lateral - Lateral - Lateral + Lateral
Ureteric CV (cm/s) 0.8 0.9 2.0 1.0
Conduction distance (PUJ to 
ureteric transducer) (cm)
4 6 8 1
Ureteric conduction time (s) 5 7 4 1
Av. time from MS to peristalsis (s) 7 22 21 2
Intra renal conduction time (s) 2 15 17 1
In 3 of the experiments the effect of halving the pulse width to 130 micro 
seconds was studied. Even at 100% output the DHPMS was unable to 
stimulate peristalsis at this pulse width irrespective of polarity.
5.4.2.2 Effects of Lignocaine on magnetic stimulation of ureteric 
peristalsis
Magnetic stimulation was able to activate ureteric peristalsis prior to 
lignocaine injection (see table 5.3 and 5.5), this was demonstrated in both 
a decrease in the inter-peristaltic gap (range 31-74% decrease) and a 
distinct conduction time from stimulus to peristalsis. In experiment 1
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Table 5.5. Response of magnetically stimulated peristaltic waves to lignociane
Experiment number 1 2 3 4
Conduction distance (cm) 7 4 6 6
Average initial spontaneous IPG 61 s 35 s 210 s 107 s
range 29-97 28-50 126-294 19-202
number 9 6 2 * 5
Coil Polarity (+ or -  lateral) + - + - + - + -
MS Av. IPG during MS 37 s 58 s 24 s 54 s
pre range 34-41 41-72 14-34 35-89
LA number 3 6 6 5
Av. time from peristalsis to MS 5 s 29 s 18 s 33 s
range
number
4-6 5-61 11-24 13-72
Av. time from MS to peristalsis
range
number
32 s 
28-37
29 s 
6-53
7s
2-16
• o
B
CO
B
o
TJ
B
V i
B
o
22 s 
17-25
* o
B
Vi
B
o
’O
Vi
B
o
decrease in IPG over baseline 48% 5% 31% z 'A 74% A Z
Spontaneous IPG gap post MS, pre LA
range
number
39s
26-50
6
17s
11-27
5
24s
23-26
2
N/A
Spontaneous IPG post LA 34s 18s 23s None
range 30-37 16-23 14-31
number 6 5 12
% change in peristaltic rate post LA +13% -6% +4% N/A
Coil] Clarity (+ or -  lateral) + - + - + - + -
MS Av. IPG during MS 26 s 36 s 19 s 103 s 98 s
post
LA
range
number
24-30
4
17-46
6
11-42
10
'U i
t/2
97-108
2
98
1
Av. time from peristalsis to MS 4 s 4 s 1 s <L> 88 s X!<z> 48 s
range
number
3-5 3-5 0-3 O nO
Z
1-177
6**
so
14-74
4**
Av. time from MS to peristalsis 22 s 32 s 17 s 25 s# T ? 118s
<u
V i
C 50 s
range 15-31 17-46 11-40 25 BCO 28-104 oa 31-94
number 1 B 6** 5**
decrease in IPG over baseline 24% -6% -6% N/A o
A
-447% oZ N/A
*Only 2 peristaltic waves occurred in a recording period of over 8 minutes. *No response to 2 x MS 100%
double stimulation, but one response to MS 100% x 5 shocks. ** Peristalsis sparse, therefore multiple 
magnetic stimuli were given.
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(table 5.5) magnetic stimulation repeatedly produced peristalsis within 28- 
37 seconds, with the coil polarity, + lateral. The increased rate of 
peristalsis produced persisted for several minutes post stimulation. When 
the polarity was reversed the stimulus to peristalsis interval varied widely 
from 6-53 seconds, indicating that the stimulus was ineffective at this 
polarity.
Following injection of lignocaine the base line peristaltic rate did not 
change significantly from the pre-injection levels in 3 experiments (see 
table 5.5), but did remain considerably higher than the baseline levels 
prior to any magnetic stimulation. Following injection of local anaesthetic 
the peristaltic response to magnetic stimulation was markedly reduced in 
all three experiments. For example in table 5.5 experiment one shows 
that post local anaesthetic the percentage decrease in inter-peristaltic 
gap over baseline is halved from 48% to 24%.
Figure 5.5 shows the peristaltic tracings from experiment 2 in table 5.5. In 
5.5a the response to magnetic stimulation pre local anaesthetic 
administration can be seen. Figure 5.5b shows that post local anaesthetic 
administration there is no response to magnetic stimulation. This 
demonstrates that the effect of magnetic stimulation was reduced/blocked 
by local anaesthetic.
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Figure 5.5 Magnetic stimulation of the exposed unmobilised 
kidney. The position of the figure of 8 coil the same for both 
experiments with polarity + lateral. A) Pre local anaesthetic, 
conduction delay for the 3 peristaltic waves pictured is 10,9 
and 5 seconds respectively B) Post local anaesthetic the 
conduction delay is longer being 19, 38 and 15 seconds 
respectively for the 3 waves shown. See text and table 5.4 for 
further details.
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As a result of the observation that magnetic stimulation appeared to 
increase the peristaltic rate, an experiment was performed where no 
magnetic stimulation was applied prior to LA administration (experiment 
4, table 5.5). In this experiment there was irregular spontaneous 
peristalsis prior to LA administration and no peristalsis observed post 
injection. Magnetic stimulation post LA administration did not repeatedly 
activate peristalsis.
5.4.3 Magnetic Stimulation of Exteriorised Kidney:
In 3 experiments peristalsis was measured pre and post transplantation 
prior to any stimulation. This showed no significant difference in peristaltic 
frequency pre and post transplant (see table 5.6)
Table 5.6: Peristaltic rate pre and post transplant
Experiment no. 1 (pig 10) 2 (pig 11) 3 (pig 16)
Pre-transplant inter peristaltic 
gap (range), (number)
44
(26-70),
(11)
27
(12-51),
(9)
23
(16-31),
(12)
Post- transplant interperistaltic 
gap (range), (number)
34
(25-36), (3)
27
(21-36),
15
26
(14-39), (7)
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5.4.3.1 Stimulation with the DHPMS:
In 4 experiments the DHPMS was consistently able to activate peristalsis 
with the output set at 100%. See table 5.7 for results.
In the first experiment peristalsis was repeatedly produced by magnetic 
stimulation with the polarity + lateral. Although this did not show up as an 
increased peristaltic rate, a repeatable conduction delay of 21s was 
obtained. Electrical stimulation (100V, 1ms pulse width 10Hzfor5 
seconds) with 2x4cm platinum foil electrodes placed on the anterior and 
posterior surfaces of the kidney produced peristalsis with a 25 second 
conduction delay. In the second experiment stimulation was undertaken 
with polarity + lateral initially. This produced peristalsis with an average 
conduction delay of 16 seconds. Following this period of magnetic 
stimulation the peristaltic rate had increased from every 34 seconds to 
every 13 seconds. During magnetic stimulation with polarity -  lateral the 
peristaltic rate actually slowed, multiple stimuli had no effect. In the third 
experiment stimulation with polarity + lateral was ineffective, however with 
polarity - lateral 11 consecutive stimuli at a rate of 0.5Hz were able to 
increase the peristaltic rate from every 26 seconds to every 16. In the last 
experiment magnetic stimulation with polarity -  lateral was again effective 
in activating peristalsis (see figure 5.6).
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Table 5.7: Response of the transplanted kidney to magnetic stimulation with the DHPMS.
Experiment number 1 (pig 7) 2 (pig 10) 3 (pig 13) 4 (pig 19)
Conduction distance (cm) 7 5 8 5
Average initial spontaneous IPG (s) 32 34 13 26 24
range 17-50 25-36 8-33 14-39 19-32
number 24 3 15 7 7
Coil Polarity + or -  lateral) + - + - + - + -
Av. IPG during MS 37 21 17 30 16 Not 15
range 24-63 (17-24), (12-22), (20-35), (12-24), tested (13-18),
number 4 (8) (2) (3) (i d (4)
Av. time from peristalsis to MS (range) 18 5 10(2- 7 - Not 1
(number) (16-42) TD<U (2-11) 21), (8) (12-15) tested (1-2)
Av. time from MS to peristalsis (range) 21 00& 16 9(1-17), 23 - Not 14
(20-23) o (17-21) (8) (18-31) tested (12-16)
% decrease in IP gap over baseline - £ 38% N/A N/A 38% N/A 42%
Comment Electrical With -  lateral, no Multiple stimuli
stimulation had a response to multiple given, see text for
conduction delay magnetic stimuli explanation
of 25 seconds.
Figure 5.6 Magnetic stimulation of the exteriorised kidney. A) 
baseline peristaltic rate prior to magnetic stimulation. Peristaltic 
interval 22,23 and 22 seconds respectively. B) Response to 
magnetic stimulation. Peristaltic waves occur 14 seconds post 
stimulation on both occasions.
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5.4.3.2 Stimulation with the Loughborough HPMS:
In 2 of the 4 experiments undertaken with the Loughborough HPMS, the 
stimulator exploded on testing and had to be rebuilt and therefore no 
results are available for those experiments.
In the two experiments where the Loughborough device was fired 
successfully it was able to activate peristalsis (table 5.8). In the first 
experiment a conduction delay of 14-15s was found. When electrically 
stimulated the conduction delay was found to be around 10 seconds 
longer. In the second experiment only one out of 10 magnetic stimuli 
activated a peristaltic wave, but again this was of slightly shorter latency 
than the peristalsis produced from electrical stimulation.
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Table 5.8: Response of the transplanted kidney to magnetic stimulation (MS) with the Loughborough HPMS and 
electrical stimulation (ES).
Experiment 1 (pig 7) 2 (pig 21)
HPMS capacitor voltage KV 7 7.5 N/A N/A 10 N/A
Electrical stimulation parameters N/A N/A 100V, 1ms, 10Hz, 
for 5s
N/A 100V, 1ms,
10Hz, for 5s
Polarity + superior normal reverse + superior normal
Conduction distance (cm) 7 15
Average initial IPG (secs)
range
number
32
17-50
24
38
13-77
14
33
18-53
9
26
13-50
10
123
102-144
2
IPG during MS (secs) 24 22 N/A N/A 11 N/A
Time from peristalsis to MS/ES (secs) 10 7 N/A N/A 4 93 and 135
Time from MS/ES to peristalsis (secs) 14 15 25 27 7 9 and 11
Comment No spontaneous 
peristalsis
9 further stimuli 
with the LHPMS 
had no effect
Electrical stimulation figures have been included in this table to allow a comparison between electrically and magnetically 
stimulated peristaltic waves to be made, see section 5.5.3
Abbreviations: ‘KV’ kilo volts, ‘IPG’ inter peristaltic gap, ‘MS’ magnetic stimulation, ‘ES’ electrical stimulation
5.5 Discussion:
5.5.1 External magnetic stimulation
Body surface magnetic stimulation was unable to initiate peristalsis in the 
series of experiments with the Digitimer HPMS. The Loughborough 
HPMS appeared to have a positive effect, but this was abolished by 
neuromuscular blockade. Indicating that a mechanical rather than 
magnetic stimulus had initiated peristalsis (figure 5.3).
Despite full neuromuscular blockade there was still some movement of 
the pig when the Loughborough device was fired, although this was not 
enough to produce peristalsis. Conventional commercially available 
magnetic stimulators produce muscle contraction by stimulating nerves 
rather than muscle fibres directly (Ellaway et a/., 1997). However the 
Loughborough device is over two orders of magnitude more powerful 
than conventional magnetic stimulators, so it is possible that the 
movement seen despite neuromuscular blockade was due in part to 
direct muscle stimulation.
It is not surprising that body surface magnetic stimulation with the 
Digitimer device was unable to activate peristalsis, as the kidneys were 
some 5-6cm from the surface of the stimulating coil. It has previously 
been shown that stimulus strength rapidly drops off with increasing 
distance from the surface of the stimulating coil (Barker, 1991). It was for
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this reason that the experiments with the exposed and exteriorized kidney 
preparations were undertaken, so that the stimulating coil could be 
positioned adjacent to the target organ.
Theoretically the Loughborough device should have been able to 
stimulate the kidney from the body surface as the induced electric field 
strength at 5cm from the coil surface is similar to that produced by the 
Digitimer device at Ocm from the coil face. However the coil for the 
Loughborough device was orientated so that the virtual cathode and 
anode were induced at 90 degrees to their position with the Digitimer 
device. Orientation has been shown to be critical with magnetic 
stimulation of the peripheral nervous system and this could account for 
the failure of stimulation. Unlike conventional magnetic stimulators where 
the coil can be easily moved to find the best stimulation position, the 
Loughborough device was relatively fixed and difficult to re-orientate 
without disconnecting and reconnecting it which would take up to an hour. 
Due to physical room space, equipment and time constraints movement 
of the Loughborough stimulator coil was not practical and so only one 
orientation was tested. Had other coil positions been tested it may have 
been possible to demonstrate surface stimulation with this device.
5.5.2 Magnetic stimulation of the exposed unmobilised kidney
The optimal polarity for stimulation varied between experiments. In only 
one experiment did reversing the polarity produce a consistent shortening
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of the conduction time (experiment 7 table 5.3).Threshold also varied 
from 50-100% of the stimulator output. With magnetic stimulation the 
issues of poor localisation of stimulation, variable threshold and variability 
in latency shift with reversing the polarity have been noted particularly in 
studies on the peripheral nervous system (Maccabee etal., 1991). It has 
been proposed that these variations are at least in part due to anatomical 
differences at the new stimulus site (Maccabee etal., 1991). In addition 
bends in peripheral nerves have been shown to decrease the stimulus 
threshold in magnetic stimulation (Maccabee et al., 1993), and this could 
also contribute to the variable response to magnetic stimulation seen in 
these experiments.
In mammals with multicalyceal kidneys (pigs and humans) pacemaker 
cells are found in the calyces (Dixon & Gosling, 1973;Longrigg, 1975). 
Thus there are multiple sites from which spontaneous smooth muscle 
contraction is initiated. With magnetic stimulation the figure of 8 coil 
covered most of the kidney, thus more than one region of pacemaker 
cells may have been stimulated with one stimulus (figure 5.7). It should 
also be noted that although the magnetic stimulus is strongest where the 
two coils making up the figure of 8 shape meet, there are also weaker 
peaks of the opposite polarity that occur at the top and bottom edge of 
the figure of 8 coil (Jalinous, 1991). Thus multiple areas of the kidney are 
exposed to different strength/polarity magnetic stimuli with each magnetic 
pulse. In addition to this, once initiated the smooth muscle contractions 
propagate towards the pelviureteric junction where they may either be
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Figure 5.7: Schematic longitudinal cross section of the kidney with a 
figure of 8 coil overlying it. The pacemaker cells are found in the renal 
calyces (shaded).
Outline of figure of 8 coil
Renal Calyx
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blocked or propagate down the ureter (Morita et a/., 1981). This helps to 
explain why the conduction delay in these experiments did not increase in 
a linear fashion with increasing conduction distance.
As already discussed in section 1.4.2.1 ureteric peristalsis can be 
activated by electrical stimulation of the smooth muscle cells directly, with 
pulses of typically >2ms duration. Alternatively if a shorter duration pulse, 
typically 500ps is used unmyelinated sensory nerve endings are activated 
resulting in release of tachykinins e.g. neurokinin A. These act as 
neurotransmitters and are powerful stimulants of pyeloureteral motility 
(Lang etal ., 1998;Maggi etal., 1992).
Electrical stimulation experiments of renal collecting system unmyelinated 
nerves typically use stimulation frequencies of several Hertz (Teele & 
Lang, 1998). It might be argued therefore that the slow frequencies of 
magnetic stimulation available in these experiments (up to 0.5Hz) would 
be unable to release enough neurokinins from these nerves to produce 
smooth muscle contraction. However as already discussed above and 
shown in figure 5.7 magnetic stimulation will effect many pacemaker sites 
throughout the kidney at once. This may cause enough pacemaker cells 
to be depolarised to produce peristalsis. In some experiments we found 
that single stimuli were not sufficient to activate peristalsis, but 2 or more 
stimuli were sufficient, for example see figure 5.4.
163
The conduction delay (i.e. time from MS to peristalsis, see table 5.4) can 
be divided into two parts. The first period is from the time of the magnetic 
stimulus to the peristaltic wave being conducted across the PUJ and the 
second period the time taken for the peristaltic wave to propagate along 
the ureter. The first period could be very variable, and will depend on 
factors such as the number of pacemaker cells activated and the extent 
of block occurring at the PUJ. The second time period (i.e. ureteric 
conduction velocity) was measured in 4 of the 7 ‘unmobilised’ 
experiments (see table 5.4). From this table it can be seen that the intra- 
renal conduction delay was shorter with the polarity +lateral. This 
suggests that either pacemaker cells closer to the PUJ were activated or 
that more pacemaker cells were activated at this polarity meaning more 
contraction waves propagated towards the PUJ and therefore the chance 
of a wave propagating across the PUJ increased.
The ability of a stimulus to activate a nerve fibre is related to its strength 
and duration. This can be plotted as a curve which has two main points;
1) The rheobase (threshold current for an infinitely long pulse) and 2) 
chronaxie (duration of stimulation for twice the rheobase). Generally 
pulses around the duration of the chronaxie are used to stimulate 
particular nerve groups. For motor (Aap) fibres this is around 50-1 OOps. 
Sensory myelinated (A5) fibres and unmyelinated (c) fibres have 
chronaxies of around 150ps and 400-500ps respectively. Electrical 
stimulation of unmyelinated sensory nerves in the upper renal tract with 
pulse widths of 500ps, causes release of neurokinins which promote
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peristalsis (Lang etal., 1998;Maggi etal., 1992). The pulse width of the 
Digitimer HPMS was 270ps, which is probably close enough to the 
chronaxie of the unmyelinated sensory renal nerves to be able to activate 
them. However when this pulse width was halved to 135ps, no peristalsis 
could be produced with magnetic stimulation. This narrow pulse 
stimulation was only studied in three experiments and so it is not possible 
to draw definitive conclusions about its effect. However given that the 
narrower pulse width is closer to that required for stimulation of 
myelinated fibres and that the Digitimer HPMS often had to be fired at 
100% output to stimulate peristalsis with a 270ps pulse width, peristalsis 
would not be expected with narrow pulse stimulation.
Following injection of local anaesthetic the peristaltic response to 
magnetic stimulation was significantly reduced compared with the pre LA 
effect (table 5.5).
LA administration did not significantly effect the baseline rate of 
spontaneous peristalsis. This agrees with the results of other groups who 
have suggested that peristalsis appears to be a myogenic process, with 
the nervous system at most playing a modulating role, but not being 
essential (Lang etal., 1998).
Failure to respond post LA Indicates that magnetic stimulation had 
activated unmyelinated nerves in the kidney which promote peristalsis, in 
a similar fashion to that of electrical stimulation (Teele & Lang, 1998).
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It might be argued that the reason no response is seen in figure 5b is that 
the pacemaker regions were refractory as a peristaltic wave had just 
passed the recording transducer prior to the magnetic stimulus being 
given. However the magnetic stimulus is given approximately 4 seconds 
after the start of the peristaltic waves detected in the pressure transducer 
in each case shown in figure 5b.
The pressure transducer was located 4cm from the PUJ. Assuming a 
conduction velocity of 1.2cm/sec along the ureter would mean that at 
least 7.3 seconds (3.3 from conduction time and 4 from stimulus delay) 
had elapsed from the time the peristaltic wave left the PUJ to the time the 
stimulus was given to the kidney. In addition to this there would be a 
variable conduction time within the kidney for the peristaltic wave to travel 
from the pacemaker regions, coalesce and reach the PUJ. As is 
discussed earlier in this section and shown in table 5.4, the intra renal 
conduction time was very variable and ranged from a few to several 
seconds. Thus when the magnetic stimulus was given it was likely to be 
at least 10 seconds since the pacemaker sites had previously discharged.
In addition to this the rate of spontaneous peristalsis in the unmobilised 
pig ureters was as fast as every 5.5 seconds as shown in table 4.1, 
indicating that the upper tract pacemaker regions must have a refractory 
period of less than this. Thus it is likely that the pacemaker cells were not 
refractory and that the lack of response shown post local anaesthetic is
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genuine. In addition to this figure 5.6b shows an example where magnetic 
stimuli were given approximately 2 seconds after detecting a peristaltic 
wave in the pressure transducer and a consequent ‘stimulated’ peristaltic 
wave was repeatedly produced. This again suggests that the upper tract 
is unlikely to have been refractory.
It was noted during the course of the LA experiments that magnetic 
stimulation increased the peristaltic rate beyond the period of magnetic 
stimulation (table 5.5). It is possible that this is due to increased 
excitability caused by the tachykinins which lasts for a prolonged period 
or that the tachykinins themselves remain able to promote peristalsis for 
some time after release. It is known that acute obstruction to the ureter 
causes initial hyper peristalsis (Crowley etal., 1990). In the normal 
physiological situation this is due to a calculus obstructing the ureter. The 
stone could stimulate unmyelinated sensory nerve endings to release 
tachykinins, thus producing hyperperistalsis.
5.5.3 Magnetic stimulation of the exteriorized kidney
The demonstration that peristaltic rate did not change significantly post 
transplant agrees with other studies that have demonstrated that 
peristalsis persists post transplant (O'Conor, Jr. & Dawson-Edwards,
1959), and that it is primarily a myogenic rather than neurogenic process 
(Lang etal., 1998).
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In the two experiments where both polarities were tested only one polarity 
was able to activate peristalsis, but the optimal polarity in the first 
experiment was the opposite of that in the second. This result is similar to 
that of the unmobilised kidney experiments where optimal polarity for 
stimulation varied between experiments. However in the transplant 
setting the kidney was placed in an organ bath which would provide a 
relatively homogenous environment for magnetic stimulation compared to 
the inhomogeneous anatomy/conduction pathways surrounding the 
kidney in the unmobilised experiments. Although there were only two 
transplant experiments testing both polarities, so definitive conclusions 
cannot be drawn, the differing optimal polarities in these experiments 
suggests that intrarenal differences in electrical conduction may play a 
role in determining the optimal stimulating polarity.
In addition, in these experiments and the exposed unmobilised series 
(see table 5.3) the threshold for generation of peristalsis was similar. This 
indicates that there was little effect on threshold levels from moving the 
kidney from the body into the organ bath.
Electrical stimulation confirmed that the magnetic stimulation latencies 
were reasonable, however it was found that generally it took several 
seconds longer for the peristaltic wave to be detected with electrical 
stimulation. It is not clear what the difference in mechanism of action for 
this is. Electrical stimulation was via surface electrodes, where as with 
magnetic stimulation the whole renal substance was exposed to the
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induced electric field. This may have activated more pacemaker cells at 
once resulting in a greater chance of a peristaltic wave being conducted 
across the pelviureteric junction and thus a shorter conduction time. It 
would be difficult to justify the delay seen between electrical and 
magnetic stimulation on the basis of a difference in conduction distance 
between the two methods of stimulation. This is because with a difference 
of several seconds a conduction distance difference of several meters 
would be required. Hence the difference in distance between the exact 
point of electrical and magnetic stimulation cannot be a major factor in 
this observation.
5.5.4 Summary of results for magnetic stimulation of ureteric 
peristalsis
External/body surface magnetic stimulation with either the Digitimer or 
Loughborough devices was unable to activate ureteric peristalsis. The 
failure of the Digitimer device is related to the reduced induced electric 
field strength with distance from the surface of the coil. In further 
experiments where the coil was moved closer to the kidney this problem 
was overcome and peristalsis could be repeatedly stimulated. The coil 
orientation with the Loughborough device could not be easily changed 
and this could account for the failure of stimulation at the body surface.
In both the exposed and exteriorised preparations ureteric peristalsis 
could activated with the 270ps duration pulse from the Digitimer HPMS.
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This effect was reduced/blocked by intra renal administration of local 
anaesthetic indicating that this was a neurally mediated response.
5.5.5 Magnetic stimulator problems
Despite using an order of magnitude more energy than the Digitimer 
HPMS, the Loughborough HPMS was not as effective at activating 
peristalsis. It was not until all the experiments were reviewed that it was 
realized that the figure of 8 coil from the Loughborough device was 
orientated with its virtual electrodes superior and inferior (figure 5.1 B), 
whereas the Digitimer coil was orientated with its virtual electrodes 
positioned medial and lateral (figure 5.7). Coil orientation is critical in 
magnetic stimulation and rotating a figure of 8 coil through 90 degrees as 
was done here can greatly effect the stimulating ability of the device and 
site of stimulation (see figure 2.1 OB). In addition to this it took up to 10 
minutes to set the Loughborough device up for a single stimulus. Hence 
multiple stimuli were not possible. These two factors are likely to have 
contributed to the relative inefficiency of stimulation with the 
Loughborough device.
One of the major problems with the Loughborough device was its 
maintenance and reliability. It took one physicist and one engineer a day 
to build it into a separate room, which had to be sealed off from the rest of 
the theatre for safety reasons (i.e. the risk of explosions). When the 
device failed it did so catastrophically and required rebuilding, which
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would take another day. However the main technical problem was with 
coil failure which occurred when the device was fired above 15 kV.
Having outlined the drawbacks of the current system it should be pointed 
out that the Loughborough device is the most powerful magnetic 
stimulator ever built and was fired successfully at 15kV (i.e. 45kJ). Thus 
with existing materials and components we have demonstrated that high 
power magnetic stimulation is feasible from both an engineering and 
biological testing perspective. By addressing the areas of improved 
capacitor discharge system reliability and designing more robust coils the 
boundaries explored here could be pushed even further.
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Chapter 6: Summary and Conclusions
6.1 Overview of aims of thesis
The hypothesis underlying this thesis was that magnetic stimulation of all 
classes of nerve fibre can be achieved provided that the induced 
electrical pulse is of sufficient duration and amplitude.
The aims of this study were to explore the hypothesis by:
1) Designing, constructing and testing two prototype high power magnetic 
stimulators.
2) Undertaking experiments to examine reversible block of peripheral 
nerve with electric stimuli and establish the stimulus amplitudes and 
geometry required. From this to then estimate the requirements to 
produce nerve block with magnetic stimulation.
3) Investigating the ability of magnetic stimulators to activate ureteric 
peristalsis.
6.2 Improvements over previous magnetic stimulators
Magnetic stimulators are now widely available and are finding a role in 
the investigation and treatment of a variety of medical conditions.
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However these commercially available devices are all relatively low 
power operating at an energy of around 500J. There are some reports of 
prototype high power magnetic stimulators but these have only been 
used in the experimental setting with energies of up to 15 kJ.
The first of the two magnetic stimulators described in this thesis, the 
Digitimer HPMS, provided the first step towards a commercially available 
high power, wide pulse device. This device proved reliable and easy to 
use. The pulse width could be varied and polarity reversed with ease 
allowing exploration of optimal stimulation parameters.
The second magnetic stimulator described, the Loughborough HPMS, 
provided the most powerful magnetic stimulator ever built. Its theoretical 
power rating was 97 kJ although it was only fired in the experimental 
setting at up to 45 kJ. This is still three times more energy than has ever 
been used in previous physiological experiments. The main draw backs 
of this device were that it required highly skilled operators, it took several 
minutes to charge and the coil polarity or pulse width could not easily or 
quickly be changed to allow investigation of strength duration 
relationships. However none of these issues are insurmountable and with 
appropriate resources it would be possible to construct a more user 
friendly and reliable device. Overall the Loughborough stimulator has 
demonstrated that with current technology high power magnetic 
stimulation is feasible.
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6.3 Electrical conduction block of peripheral nerve fibres in 
animals
The experiments undertaken have shown that peripheral nerves can be 
reversibly blocked with shaped electrical pulses. Block of C-fibres was 
demonstrated at the single unit level confirming that the block seen of the 
compound action potential is indeed block and not due to 
desynchronisation. However it was estimated that to reproduce the pulse 
parameters required for electrical block with a magnetic stimulator some 
100 million joules would be required per pulse. The Loughborough HPMS 
is currently the most powerful magnetic stimulator built and is still 3 
orders of magnitude away from achieving these energy levels. Therefore 
although a theoretical possibility, electromagnetic nerve block is not 
practically achievable within the limits of existing technology. Although 
advances in capacitor and coil design could change this in the future.
6.4 Methods for monitoring peristalsis
Existing methods for monitoring peristalsis were inadequate for the 
magnetic stimulation experiments as outlined in chapter 4. The main 
options lie between endoluminal and non invasive (i.e. x-ray screening, 
radionucleotides, Doppler ultrasound) techniques. The non-invasive 
techniques could potentially be used to monitor the generation of 
peristalsis. However in the series of renal magnetic stimulation 
experiments a positive result was obtained when the magnetic stimulator
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coil was placed directly over the kidney via an abdominal incision. It 
would be practically difficult to use the non-invasive techniques in this 
setting. On the other hand the novel dual sensor catheter described in 
this thesis was easy to insert and caused no problems with the 
experimental set up. However the disadvantage that the catheter itself will 
effect peristalsis has to be considered. On balance as it was the 
generation of stimulated peristalsis that this thesis was exploring and not 
the effects of ureteric catheters on peristaltic activity, the ureteric 
pressure transducer system was adopted.
The transducer catheter system has several advantages over prior 
systems. Perhaps the most important is that it is the first commercially 
available transducer catheter system for monitoring peristalsis. This will 
allow it to be used by other groups and allow detailed studies of ureteric 
function to be carried out in humans in a minimally invasive way. The 
human studies carried out with this catheter have shown its ability to 
demonstrate the effects of drugs and physical manipulation of the ureter 
after surgery.
6.5 Magnetic stimulation of the upper urinary tract
Body surface stimulation with either the Digitimer or Loughborough 
devices was unable to activate ureteric peristalsis. With the Digitimer 
device this was due to the reduced induced electric field strength with 
distance from the surface of the coil. This was overcome when the
177
Digitimer coil was placed adjacent to the kidney in the exposed and 
exteriorised experiments, where peristalsis could be repeatedly 
stimulated. With the Loughborough device the failure of stimulation could 
be accounted for by failure to use the optimal coil orientation as 
discussed earlier in section 5.5.3.
The series of experiments undertaken on the upper renal tract in the 
exposed and exteriorised preparations demonstrate that ureteric 
peristalsis can be activated with the 270ps duration pulse induced by the 
Digitimer HPMS and that this effect can be reduced/blocked by intra renal 
administration of local anaesthetic. It has previously been demonstrated 
that electrical stimulation of unmyelinated nerve fibres in the upper renal 
tract causes the release of tachykinins which act like neurotransmitters 
and promote peristalsis. This effect is blocked by sodium channel 
blockade (Teele & Lang, 1988). This is likely to be the same mechanism 
of action by which magnetic stimulation produces peristalsis, i.e. 
magnetic stimulation with the Digitimer HPMS has stimulated 
unmyelinated nerve fibres.
The evidence for a role of sensory or autonomic nerve fibres in the 
normal peristaltic process is controversial and the evidence conflicting 
(Santicioli and Maggi 1998). The nerve supply may have a greater role in 
pathological processes such as infection and stones (Lang et al 1998) 
and may also help us understand the ureteric responses to 
instrumentation. For example both clinical experience and the literature
178
suggest that after a prolonged period of stenting the ureter dilates and 
peristalsis is reduced or absent (Lennon et al. 1997, Patel and Kellett 
1996, Culkin et al 1992, Wiseman 1934), this may in part be due to the 
partial obstruction caused by the stent (Ramsay et al 1985) and the 
consequent increase in upper tract pressure. However this pressure 
decreases to normal levels by 3 weeks (Payne & Ramsay 1988) and so 
the explanation for ureteric dilation / paralysis seen with stenting may be 
more complex than simple pressure effects alone.
Examining the results of animal studies investigating the effects of 
calcitonin gene related peptide (CGRP) on the ureter provide a further 
possible mechanism of action. CGRP has been shown to have both a 
smooth muscle relaxant effect and an inhibitory effect on propagation of 
peristalsis (Santicioli and Maggi 1998). CGRP is released from 
unmyelinated sensory nerve endings in the ureter. If JJ stents stimulate 
these sensory nerves, which is plausible as stents can be painful, then 
this could cause both the dilation of the ureter and reduction/abolition of 
peristalsis that has been observed. It seems possible that both the initial 
increased upper tract pressure and CGRP have a role to play in 
explaining ureteric dilation/paralysis with stenting.
6.6 Concluding summary
This thesis has explored high power magnetic stimulation and some of its 
potential clinical applications. Two novel high power magnetic stimulators
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were designed, constructed and tested. Experiments showed that 
although electrical nerve block was achievable, repeating this 
magnetically is not practical with existing technology. Other experiments 
demonstrated magnetic stimulation of the unmyelinated nerve fibres 
supplying the upper renal tract, providing evidence in support of the 
hypothesis of this thesis that all classes of nerve fibre can be 
magnetically stimulated provided that the induced electrical pulse is of 
sufficient duration and amplitude.
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each 3.12 m long and 0.5 mm in diameter, all contained in a 
high-temperature high-voltage insulating tube, Each conductor 
it wound as a helix, with three turns on a 150-sun-diameter 
PTFE mandrel and with the return conductors forming an 
overlapping concentric helix. When the resistor absorbs 45 kJ 
of the initial 80 kJ stored in the bank charged at about 20 kV, the 
temperature nse is less than 500 °C. Twelve parallel-connected 
10-m-long cables join the field coils to tin* bank.
The Rogowski coils seen in Fig. 2 and storage oscilloscopes 
are used in recording the various currents. Fig. 3 compares the 
measured and theoretically predicted currents when the bank is 
initially charged to 15 kV.
I l l  M agnetic  Fie ld  System
Two identical side-by-side spiral coils that carry currents in 
opposite directions produce the magnetic field. Two-dimen­
sional (2-D) modeling of the overall field distribution enabled 
an accurate measure of the total inductance to be obtained and 
the overall system to be optimized. Fig. 4 shows the patterns 
of the magnetic and electric field distributions of the prototype 
stimulator. The axial and radial components of the magnetic 
field were calculated using an exact formula [4] that assumes a 
uniform distribution of the circular currents that flow in a thin 
metallic cylinder. This is well justified in the present situation, 
where the radius to height ratio of the coils is always at least 20.
Each spiral coil is wound from 5.7-mm-wide by 2-mm-thick 
lacquered copper ribbon, and is regarded as a set of coaxial con­
ductors when calculating the field distribution. Tins is an exact 
analogy with an air-cored transformer, and use of die techniques
Fij.3. Cfeuat cmrenu; ( ...)  matnmd; (—) pnedkwd.
«
F ij 4. Field to ta lity dsur.bsitioos u  SO mu from coil uirf*c*. (a) Magutoc. 
<b> Electric.
in [4] is therefore straightforward. The electric field is calcu­
lated using the further analogy between electric field intensity 
and magnetic vector potential.
Optimization of the system design was performed using the 
2-D model, but subject to the constraint that if the current rise 
tune is to kept as 500 /is the overall coil inductance must not 
exceed 250 /*H. The internal radius of the coil and the number of
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turns can both be changed, and it was fonud that increasing the 
radius and reducing the number of turns led to a 25% increase 
in the field 50 nun above the plane of the coils. With the internal 
coil diameter set at 208 mm for manufacturing convenience, 19 
turns were seeded to give the required overall inductance. The 
self-inductance of an individual coil was 118 //H .
A cured epoxy compound secured each coil ribbon. The com­
pleted coils were epoxy potted in a Tufiiol frame and were able 
to withstand a great number of full-esergy shots. The end con­
nections are perpendicular to the plane of the coils, to prevent 
the production of undue electromagnetic forces during a shot.
The magnetic field was monitored by means of a three-turn 
pickup probe and the electric field was measured using a thin 
4.5-mm-loag straight copper wire mounted between two elec­
trodes. Fig. 5 shows the field strengths in a plane 50 mm above 
that of the coils, for fee same shot as Fig. 3, wife the magnetic 
probe along the axis of one of fee coils and fee electric probe 
above the common tangential point. In both cases, predicted and 
measured values agree to within 3%,
Tilting the coils until there is an optimum angle between their 
two plasms will increase fee electric field strength. In addition 
to giving an increase of up to 30%, fee coils will then fit snugly 
at fee waist of a patient.
IV. Potential M edical A pplications
Low power magnetic stimulators have been used for many 
yean to stimulate large myelinated nerve fibers m both fee cen­
tral and fee peripheral nervous systems. Because of their nairmv 
pulsewidth (the current rise time is normally less than 100 p i)  
and fee low electric field strength (normally less than 500 V/m 
at fee surface of the coil) these devices are however unable to 
produce the same response in either thinly myelinated or un­
myelinated nerve fibers.
The present stimulator produces pulses with an electric 
field strength of almost 400 V/m and a duration of 500 ;/s 
at 50 mm above the coil surface. This may be adequate 
to activate fee spinal cord and organs such as fee heart, 
bowel, bladder and kidneys that lie deep inside the body. 
One of fee potential clinical applications is fee treatment 
of renal calculus disease. Either a single stone or multiple 
stone fragments remaining after extracorporeal shock wave 
lithotripsy can disrupt peristaltic activity. Tins can delay stone 
passage, wife consequent medical complications of pain and 
infection that may eventually necessitate surgical intervention. 
Magnetic-electric stimulation of fee kidney has the potential to 
restartenhance peristalsis and feus to assist stone expulsion.
Magnetic/electric stimulation of fee upper renal tract by 
a 4.2 kJ stimulator has been shown recently {3} to produce 
extracorporeal stimulation of ureteric peristalsis. This however 
requires open surgery, with fee coil located less than 10 nun 
anterior to fee kidney. To be clinically useful, it would be 
necessary for fee peristalsis to be stimulated from the surface 
of fee body.
The current experimental program aims to use fee system de­
scribed earlier to produce extracorporeal stimulation of ureteric 
peristalsis. Wife the 4.2-kJ magnetic stimulator, the threshold 
for peristalsis was found to be between 470 and 720 V/m wife a 
pulse width o f2 70 . The threshold value will be decreased by
fee greater width of the 5Q0-/is pulse produced by the present 
stimulator and it is anticipated feat activation of unmyelinated 
nerve fibers m fee kidney will be achievable from outside the 
body.
V. Conclusion
The stimulator described in this paper is believed to be the 
most powerful built to date. With careful attention paid to its 
mechanical design, fee double-coil system is capable of with­
standing a large number of full power shots, generating highly 
reproducible fields of up to 400 V/m a? 50-nun distance. Var­
ious clinical areas can now be explored in which the stimulator 
is of potential application.
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Appendix 2
Experiments on magnetic stimulation of the heart
Although beyond the scope of this thesis at the end of three experiments 
the ability of these prototype magnetic stimulators to stimulate the heart 
was tested. In the first experiment closed chest cardiac stimulation with 
the Digitimer HPMS was undertaken. The vagus nerve was dissected in 
the neck and a bipolar electrode in a long insulating sheath placed 
around it. The vagus was stimulated with rectangular stimuli from a 
Digitimer DS2A constant voltage stimulator, at 50Hz with pulses of 100 \xs 
duration and 20V amplitude. This produced reversible cardiac block. The 
blood pressure was monitored via an arterial line connected to the 
external iliac artery. Magnetic Stimulation with polarity positive medial 
produced a QRST complex and a small arterial pressure wave (figure 
Apx2A).
In the second and third experiments, closed chest cardiac defibrillation 
was attempted with the Loughborough HPMS. Ventricular fibrillation was 
induced by placing the electrodes from a 9V battery in contact with the 
left ventricle, via the diaphragm. The pig was then placed on its left lateral 
side with the coil polarity positive superior. Shots at 10kV and 13.5kV 
produced a large stimulus artefact, but did not defibrillate the heart (figure 
Apx2B).
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Figure Apx2: A) Closed chest magnetic stimulation of the vagally arrested 
heart with the Digitimer HPMS. Stimulator triggered at X, followed by QRST 
complex. Small arterial pressure rise follows starting at Y.
B) Attempted closed chest defibrillation with the Loughborough HPMS. 
Stimulator triggered at Z, followed by stimulus artefact and continuation of VF.
A
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Overall these experiments agree with the work of the two other groups 
that have attempted magnetic heart stimulation (Bourland et a/., 
1990;Yamaguchi et a/., 1994). Both groups were able to stimulate ectopic 
beats with 10kJ/600 \xs and 3.3KJ/370jis respectively. Yamaguchi et al 
also attempted defibrillation with a capacitor discharge voltage of 2000V 
i.e. 8kJ, but were unsuccessful.
Assuming that the heart was only 3cm from the surface of the coil, the 
peak electric field from the Loughborough HPMS at this distance was 
measured at 820V/m, with a pulse width of 500ps. Assuming that the 
tissue has a constant electrical conductivity of 0.5 S/m in the vicinity of 
the heart then the eddy current density at the front of the heart was 
410A/m2. It is not surprising that this stimulus was ineffective as 
defibrillation requires at least 500A/m2 (Geddes et al., 1985) and a pulse 
duration of about 4ms (Gold et al., 1979). Although the current density 
was not far off that required for defibrillation the pulse duration would 
have to increase 8 fold. From equation 1 in section 2.1.1 it can be seen 
that to increase the pulse width from 500|is to 4ms would require 64 times 
the capacitance and consequently from equation 2 (in section 2.1.1) 64 
times the energy to be stored in the capacitors. Although it is possible 
with existing technology to create such a capacitor bank, the coils used in 
the foregoing experiments would not withstand the forces exerted during 
capacitor discharge and would have to be completely re-engineered.
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Another problem with the Loughborough device and its use in 
defibrillation would be that the coil cannot easily be moved and have its 
orientation changed to allow optimal stimulus delivery. The whole device 
would be also prohibitively large and although magnetic defibrillation is of 
theoretical interest, because of a variety of technical/practical limitations 
is unlikely to find a use outside of the high voltage research laboratory in 
the foreseeable future.
The Digitimer HPMS was able to stimulate ectopic beats using a pulse 
width of 270jas with an energy of 4.3kJ. Previously closed chest cardiac 
stimulation of the vagally arrested heart has been achieved with a pulse 
width of 600ps and an energy of 10kJ (Bourland et al., 1990). This 
reduced energy requirement for shorter pulses is consistent with that 
seen in the central nervous system (Barker et al., 1991).
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Appendix 3
Copies of consent forms used and ethics committee approval.
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East Kent Hospitals
Department of Urology nhs Trust
William Harvey Hospital 
Ashford 
Kent
Consent Form for Ureteric Urodynamics Research 
Study:
Patient’s Name:
Date of Birth:
Unit Number:
Type of Procedure: Ureteric Stent placement and recording for 24hours 
DOCTOR
I confirm that I have explained the research project to the patient, and that 
they are under no obligation to take part.
Signature: Date:
Name of Doctor:
m m
PATIENT (please initial the boxes)
I confirm that I have read and understand the information sheet
dated.  ................. for the above study and I have had the opportunity to ask
questions.
1_ 1 understand that participation is voluntary and that I am free to withdraw
at any time without giving any reason, without my medical care or legal rights 
being affected.
I agree to take part in the above study.
Signature: Date:
Name:
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East Kent Hospitals Iflifci
Department of Urology Date: NHS Trust
William Harvey Hospital
Ashford
Kent
Ureteric Urodynamics Research Study. Patient Information 
Sheet.
You are being invited to take part in a research study. Before you decide, it is 
important for you to understand why the research is being done and what it 
will involve. Please take time to read the following information carefully and 
discuss it with others if you wish. Ask us if there is anything that is not clear 
or if you would like more information. Take time to decide whether or not you 
wish to take part. Thank you for reading this.
You are due to have a ureteroscopy +/- stone removal. Following this 
procedure a thin tube (a ureteric catheter) will be placed into your ureter (the 
tube between the kidney and the bladder). This allows the kidney to drain 
freely after the operation and helps prevent pain. This tube is usually removed 
after 24 hours after which you can go home.
In this study we want to assess how your ureter recovers from the procedure.
Instead of using a plain ureteric catheter we will use a catheter with pressure 
transducers built in that allow us to monitor the recovery of the ureter. This 
catheter is the same size and shape as the normal catheter and will still be 
removed after 24 hours, so you will not notice any difference between this and 
the standard procedure. This is the first time that this particular catheter has 
been used in the ureter, though it has been used to monitor bladder function 
for many years.
It is up to you to decide whether or not to take part. If you do decide to take 
part you will be given this information sheet to keep and be asked to sign a 
consent form. If you decide to take part you are still free to withdraw at any 
time and without giving a reason. A decision to withdraw at any time, or a 
decision not to take part, will not affect the standard of care you receive.
All information which is collected about you during the course of the research 
will be kept strictly confidential. Any information about you which leaves the 
hospital will have your personal details removed so that you cannot be 
recognised from it.
This is a study being undertaken within the department of Urology at the 
William Harvey Hospital and has received no external funding.
If you have any further questions about this study please contact Mr McCahy 
in the Urology department. (Direct line 01233 616658).
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Research and Development Department 
Centre for Health & Clinical Sciences 
Kent and Canterbury Hospital 
Ethelbert Road 
Canterbury 
CT1 3NG
Tel: 01227 766877 ext. 74085
Ref: AA/ycf 
11 September 2002
Mr Tony Young 
2 Berners Mansions 
34/36 Berners Street 
London 
WIT 3LU
Dear Mr Young
Re: Research Proposal for Monitoring Recovery of Ureteric Persistalsis Post
Ureteroscopy-Upper Urinary Tract Urodynamics 
R&D project no:
Thank you for submitting the above referenced protocol/proposal together with the 
completed Research Governance Questionnaire to the R&D Department.
I am please to confirm that your study has now been approved by the Trust. 
However, you cannot commence with your work until you have received full ethics 
approval from the Local Research Ethics Committee (LREC). Please note the R&D 
Department will monitor your study and request for regular reports as part of 
compliance with the local Research Governance Implementation Plan.
Furthermore, as we would be submitting quarterly updates to the Department of 
Health National Research Register (NRR), the R&D Office will send you the NRR 
form for you to complete as at when due.
Do not hesitate to contact the R&D Office if you require further assistance.
Yours sincerely,
Dr A Ationu 
R&D Manager
Copy to Dr D G Smithard 
File
194
Kent and Medway mm
Strategic Health Authority
Preston Hall 
Aylesford 
Kent 
ME20 7NJ
Tel: 01622 710161 
Fax: 01622 719802 
Minicom: 01622 713077 
Email: general@kentmedway.nhs.uk
CERTIFICATE OF LREQ APPROVAL
Members present at the meeting on 25 September 2002 
Present:
Dr. H Biggs (Chairman)
Mr. Chris Hendy 
Mrs. V. Caiess 
Mr. D. Barnes 
Mr. P. Wells 
Mrs. B. Donaldson 
Mrs. D. Button 
Dr. A. Proctor 
Ms. V. May 
Dr. C. Cryer
In attendance:
Miss Adele Holmes
This is to certify that the research proposal entitled Upper Urinary Tract Urodynamics 
has passed a process of ethical review by the East Kent Local Research Ethics Committee.
Dr Roger Wheeldon
Chairman Under Delegated Authority, East Kent REC
Explanatory Note
What are Local Research Ethics Committees (LRECs)?
• LRECs are committees established on behalf of the Department of Health to consider 
research projects involving human subjects, which take place broadly within the NHS.
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195
Chairman: Kate Lampard 
Chief Executive: Candy Morris

